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Organic functionalization of semiconducting surfaces is emerging as an important area in 
the development of new semiconductor based materials and devices. The idea is to 
incorporate the molecular functionalities of organic molecules on silicon to extend the 
possibilities of current Si technologies beyond what can be envisioned with only silicon. 
Also, hybrid device structures composed of organic semiconductors and inorganic 
nanostructures are an area of intense study since they are effective alternatives to organic 
bilayer and bulk heterojunction device structures.  
This thesis focuses on construction of conducting/semiconducting organic/polymeric 
films on silicon/semiconducting inorganic interfaces by molecular assembly techniques, 
with the eventual objective of incorporating characteristic properties of the organic 
component into silicon/inorganic -based electronic devices. In addition, the techniques 
developed in this work also facilitate fabrication of organic/inorganic hybrid structures 
possessing good electron donor and acceptor properties to deliver low-cost energy 
devices for the future.  
Regio-regular, poly (3-(2-methoxyethoxy)ethoxymethylthiophene-2,5-diyl) (PMEEMT) 
with methoxy functional group terminated at side-chain end was successfully converted 
into bromine terminated functional end group without any structural changes. The end 
group modification was confirmed by NMR and the bromine-end group facilitated the 
anchoring link for immobilization of PMEEMT on the substrates. Multilayers of end 
group modified poly (3-(2-bromoethoxy)ethoxymethylthiophene-2,5-diyl) (PBrEEMT) 
films were assembled on different substrates and substrate-film and layer-to-layer links 
 ix 
were established by covalent bonding. The covalently bonded nanostructured films 
possessed uniformity, good thermal and chemical stabilities. The films were 
characterized by UV–Visible spectroscopy, XPS, AFM and ellipsometry. Thickness of 
the films and UV–Visible absorption intensity increased linearly with increase in the 
number of layers. Electrochemical impedance spectroscopy confirmed uniform film 
coverage of the substrate and improvement of the electrical characteristics of the films 
after doping.  
Composite films of covalently assembled PBrEEMT films incorporated with gold 
nanoparticles (AuNPs) were fabricated by different layer-by-layer approaches. Firstly, 
the AuNPs were directly incorporated into the covalently assembled PBrEEMT films.  In 
this approach, the amount of AuNPs incorporation depends upon the film coverage and 
interaction of thiophene and amine group with AuNPs. PBrEEMT films were then 
functionalized with amine rich polyallylamine (PAA). Finally, 4-aminothiophenol (ATP) 
functionalized AuNPs were employed to covalently bond the PBrEEMT films. This 
approach paved the way for reducing the number of steps involved in AuNPs 
incorporation and created direct incorporation of AuNPs into covalently assembled 
architectures. The functionalization and incorporation of AuNPs in PBrEEMT films were 
studied in detail using spectroscopy and microscopy.   
Langmuir-Blodgett (LB) assembly was used as a simple method of synthesizing 
nanoscale hybrid systems of ultrathin regio-regular PMEEMT films with AuNPs. The 
uniformity of PMEEMT films was affected by the phase separation of the films on the 
hydrophobic OTS substrate due to low surface energy. This was addressed by introducing 
poly (3-dodecylthiophene) (PDDT) as a second component in the LB films. A detailed 
 x 
study confirmed that the addition of PDDT increased the amphiphilicity of these films 
and influenced the morphology. 4-layer stacks of 90% and 99% PMEEMT films 
exhibited uniform film structure with significant reduction in phase separation. A 
convective hydrodynamic instability mechanism has been proposed for the interaction of 
the polymers and formation of structures observed during the morphological study of the 
films. For the first time, an ex-situ approach has been adopted to incorporate AuNPs in 
LB films without affecting the film morphologies and uniformities. The affinity of 
sulphur for the gold had been exploited to incorporate AuNPs into the polythiophene 
films. Amount of nanoparticles incorporated and the distribution of the nanoparticles in 
the polythiophene films were also studied.   
A simple, low temperature and cost effective solution based two-step approach has been 
adopted to grow vertically oriented one dimensional (1-D) zinc oxide (ZnO) nanorods 
(NRs) on silicon, indium-tin oxide (ITO) and glass substrates. Successive ionic layer 
adsorption and reaction approach created nuclei sites of ZnO seed layers by overcoming 
lattice mismatching for NR growth and showed its versatility to deposit seed layers on 
any substrate. The chemical bath deposition (CBD) approach created 1-D vertical ZnO 
nanorods. The synthesized NRs exhibited a hexagonal wurtzite structure with a lattice 
spacing of 0.248 nm. FESEM analysis confirmed the NRs were vertically oriented and 
densely packed with diameter of about 250 nm. Hybrid organic/inorganic structures of 
PMEEMT/ZnO NRs were fabricated by immobilizing the PMEEMT on ZnO NR surface, 
thereby creating direct heterojunction interface. These synthesized ZnO NRs allowed 
easy electron transport along the NR avoiding loss of mobility due to grain boundary 
scattering;  further, the large aspect ratio and surface area of NR increased the effective 
 xi 
interface between polythiophene and the nanorods contributing efficient charge 
separation.  In addition, decoration of the ZnO hybrid structures by gold nanoparticles 
(AuNPs) induced higher luminescence properties. XPS and FTIR analysis confirmed the 
successful surface functionalization and decoration of NPs on the NRs.  
Bi-functional carboxylic acid, thiol and silane end group molecules with amine 
termination have been employed to functionalize the NRs by forming carboxylate, 
thiolate and hydroxylation bonds with ZnO. These films were stable without affecting the 
surface morphology of ZnO. The AuNPs decoration was higher in silane bonded APhS 
due to its uniform binding along the NR surface. The structural and morphological 
properties were characterized by XRD, water contact angle, FESEM and TEM 
techniques. The chemical binding of these molecules were analysed in detail by XPS and 
FTIR techniques. The AuNPs decorated ZnO NRs exhibited a quenched blue shift UV 
emission due to the increased distance and interaction between AuNPs and ZnO NRs. 
This thesis brings out the advantage of covalently assembling pre-formed polythiophene 
films on silicon/inorganic metal oxide surfaces where the covalent bonding provided the 
stability to the assembled films even under the harsh conditions. The thesis also addresses 
phase separation issues in molecular assembly by employing polymer blends which 
enhanced the molecular arrangement and uniformity of the films. Finally, by 
incorporation of AuNPs in the hybrid structures further enabled the efficient electron 
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Thin film technology is pervasive in many applications, including microelectronics, optics, 
magnetics, corrosion resistant coatings, micro-mechanics, etc (Andersson et al., 1999; 
Cheng et al., 2012; Lin et al., 2006b; Schreiber, 2000). Growing demand for smaller 
devices and features has led to the need for thinner and more stable films. Recently, organic 
materials with different functional groups have been synthesized with electronic and 
fluorescent properties. These functional organic materials are attractive because of lightness 
in weight, easy processability, and resistance to corrosion. As a result, organic materials 
offer greater flexibility in designing and fabricating unique optoelectronic and electronic 
devices (Smith, 2007). 
Well-ordered self-assembled monolayers (SAM) of organic materials have been widely 
investigated as the ultimate ultrathin films (Burtman et al., 2008). As functional films, they 
offer the potential for effective electron transfer at the silicon-organic layer interface with 
no insulating layers. SAMs have attracted considerable interest because of their 
effectiveness in preparing thin film supra-molecular structures, and high molecular order 
films (Kato et al., 1998). A number of organic materials with desirable electronic properties 
have been formed as SAMs on substrates (DiBenedetto et al., 2009). In most of the SAMs, 
the substrates were modified with long chain alkyl groups which ideally form densely 
packed monolayers, but had limited transfer of electrons or energy across the interface 
(Buriak, 2002; Sieval et al., 1999). To overcome limited electron or energy transfer, many 
researchers have tried to deposit the conducting polymers on the silicon substrates by 
various approaches (Street, 2006). 
Conducting Polymers (CP) are highly extended π-conjugated electron systems having 
alternate π-electrons delocalized along the main chains. Polythiophene, polypyrrole, poly 
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(p-phenylene), and polyaniline etc., are well known as conducting polymers (Terje, 1986) 
and they can be used in organic functionalization of silicon surfaces. These polymers can 
exchange electrons and transport charges across the silicon surface (Matsuura et al., 2001; 
Torsi et al., 2001b). As a result, deposition of CP on silicon surface becomes an attractive 
approach for designing well defined interfaces capable of charge transport. CP films open 
the possibilities for developing new devices and nanostructures for numerous applications 
in optoelectronics, electronics and in devices such as field-effect transistors, chemical and 
biosensors, and memory devices (Andersson et al., 1999; Cihaner et al., 2007; Li et al., 
2007; Roncali, 1992; Scheib et al., 1999; Shinbo et al., 2005; Sirringhaus et al., 1998; 
Thomas et al., 2007).  
Among CPs, polythiophenes are one of the most important classes of conjugated polymers 
with good conductivities and high electron mobilities. They possess a wide range of 
electronic/optical properties and found applications in conducting films, electrochromics, 
chemical sensing, memory, light emitting devices and field effect transistors. By self-
assembling the polythiophene film on silicon/semiconducting metal-oxide interfaces, these 
characteristic properties of polythiophenes can be incorporated into silicon/metal-oxide -
based electronic devices which can overcome the drawbacks in the conventional devices. 
Various approaches such as Langmuir-Blodgett (LB) assembly, electro deposition, 
electrochemical polymerization and spin coating have been employed to deposit CP on 
silicon surfaces (Gurfidan et al., 2012; Iost et al., 2012; Li et al., 2012; Zhang et al., 2005c). 
In these methods, the film stability, orientation of the films, surface morphology and 
chemical resistivity of the films need to be addressed (Sako et al., 2005; Wu et al., 1999b). 
For example, the spin coated films result in the formation of thermally/chemically unstable 
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multilayers. If the CP can be anchored on silicon surface, some of these limitations may be 
overcome. Covalent bonding between a CP and a silicon/metal-oxide surface allows 
intimate interaction through electron exchange between them (Bauerle et al., 1993; Kokado 
et al., 1993). The intimate interactions will produce good electron mobilities and 
conductivities along the substrate. These create many opportunities to explore more 
applications of CP, for example in multilayered/multicomponent structures. Covalent 
bonding has been accomplished by using several approaches like elimination/substitution 
reactions, atom transfer radical polymerization reactions, click chemistry, photochemical 
and thermally driven reactions (Gooding et al., 2011; Yagci, 2012). 
Polythiophene in nature behaves as a semiconducting polymer unless or until it has been 
doped. After the discovery of iodine doped polyacetylene by McDiarmid and Shirakawa 
many polymeric structures are synthesized with the aim of improving both the electrical 
conductivity and the stability of the materials (Kelkar et al., 2011; MacDiarmid et al., 1985; 
MacDiarmid, 2001). The electronic state of these materials can be tuned from 
semiconducting to conducting by changing the carrier concentration via chemical doping or 
incorporation of metal nanoparticles (NPs) like gold (Au) and silver (Ag) (Kao et al., 2009; 
Kissling et al., 2011; Oyama, 2010). AuNPs assembly together with aggregate phenomenal 
formation of colloidal gold is important. A number of applications like solid-state display 
applications, sensors, biomarkers, is easily the realm of dispersed colloidal Au applications. 
Enhancement of charge transfer in poorly conducting polymers host enables efficient 
device performance in most cases. The AuNPs exhibit plasmonic behavior as well as 
thermal stability which make them suitable for blending with a large number of polymer 
hosts. These doped and nanoparticle incorporated films exhibiting higher conductivity and 
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mobility and have found many interesting applications like molecular sensors, 
photovoltaics, transparent conductors, and organic electronics (Dykman et al., 2012; 
Jadhav, 2012; Saha et al., 2012).   
Recently, extensive research activities have been devoted to grow various semiconducting 
metal oxide nanostructures, targeting not only to broaden the knowledge on mesoscopic 
phenomena but also to explore for advanced applications due to unique shape and size. 
One-dimensional (1D) semiconducting metal-oxide nanostructures are ideal systems to 
explore novel phenomena at the nanoscale level by exploiting its unique geometry with 
high aspect ratio (Janotti et al., 2009). These nanostructures are the potential building 
blocks for a wide range of nanoscale electronics, optoelectronics, magnetoelectronics, and 
sensing devices (Greene et al., 2005; Lu et al., 2006; Zhai et al., 2009). Among various 
metal-oxides, Zinc oxide (ZnO) is a nontoxic n-type semiconductor with wide band-gap 
and favourable band energies for forming heterojunctions with hole-conducting polymers. 
Various methods have been employed to grow 1-D ZnO nanoarrays with tunable 
dimensions, but the challenge is to grow at energy efficient, low cost and defect free stable 
ZnO arrays with high crystallinity and well lattice matching with different substrates. 
Hybrid organic/inorganic electronic devices are been currently explored due to the 
enhanced electrical and optical properties. They possess better interactions at the interface 
and energy level alignments for effective electron transfer (Boucle et al., 2007; Heimel et 
al., 2008; Paz, 2011).  For example, in a hybrid photovoltaic device by self-assembling the 
p-type polythiophenes on n-type ZnO nanostructures create p-n heterojunction where 
highly efficient charge-transport and effective optical absorption can take place. This self-
assembly technique also pave the way for tailoring the functionalities, incorporation of 
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nanoparticles and improving the electrical and optical properties (Olson et al., 2006; 
Sagawa et al., 2010; Tada et al., 2012).  However, the preparation and functionalization of 
these 1-D nanostructures without affecting their morphology is a tedious process. Hence, 
the challenge is to develop a simple, reliable and cost-effective synthetic technique for the 
preparation of ZnO nanostructured ﬁlms and functionalizing them with organic moieties 
like polythiophenes for employing them in potential applications like photovoltaics, 
chemical/bio sensors and light emitting devices (LEDs).   
Based on the above considerations, this research is focused on creating covalent SAM’s of 
a stable CP, polythiophene on silicon surface and on 1D ZnO nanostructures (Figure 1.1). 
The covalently anchored films pave the way for subsequent functionalization and surface 
modification with effective molecular arrangement and charge transfer. These films are 
subsequently doped to improve the electron mobilities, thereby enhancing the properties. It 
also paves the way for multilayer architectures and incorporation of nanoparticles forming 
hybrid nanostructures.  Alternatively, Langmuir-Blodgett assembly technique creates an 
alternate way of arranging layer-by-layer polythiophene films with advantage of depositing 
copolymers and thereby improving the arrangement of molecular films, conductivity along 
the films and creating hybrid nanostructures. Using LB approach, multilayers of 
polythiophene film are constructed on silicon to compare the electrical properties of LB 
films with covalently assembled films. But, due to the phase separation of polythiophene 
films, the film morphology has been affected which has been improved by adding suitable 
additive polythiophene and fabricated composite films with AuNPs. Finally, hybrid 
nanostructures of polythiophene films are fabricated by assembling them on one 
dimensional (1-D) metal oxide nanostructures like ZnO. 1-D ZnO nanostructures are 
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created by successive ionic layer adsorption and reaction (SILAR) approach where the seed 
layers are very stable and matching with the lattice arrangement of the depositing surface. 
This facilitates the synthesis of stable 1-D ZnO NRs vertically oriented along the surface. 
Covalent molecular assembly of polythiophene creates effective functionalization all over 
the ZnO surface without any surface morphology changes and with channelized electron 
flow. In addition, bi-functional organic molecules have been functionalized on ZnO NR 
surface to tune the interface of hybrid nanostructures and allow for further surface 
modifications.  The high aspect-ratio of NRs resulted in better surface area and coverage of 
these films. This also creates hybrid organic/inorganic nanostructures of polythiophene/bi-
functional organic molecules and ZnO NRs possessing synergetic effect with effective 
electron-hole transfer, tuning the electrical and chemical properties and allowing 
nanoparticle incorporation.  
 
Figure 1.1. Overview of the thesis for fabricating organic/inorganic hybrid nanostructures.     
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This thesis starts with detailed literature survey related to polythiophene assembly, 
functionalization and fabrication of hybrid structures, followed by three parts of work 
outlined as follows.  Chapter 3 is divided into two sections, dealing with covalent layer-by-
layer assembly of polythiophene on silicon surface, doping and its stability study. 
Secondly, different approaches have been employed to fabricate covalent polythiophene 
hybrid structures with incorporation of AuNPs. Chapter 4 deals with fabrication of hybrid 
polythiophene films using Langmuir-Blodgett assembly and AuNPs incorporation. Chapter 
5 is divided into two sections, dealing with effective functionalization of bi-functional 
organic molecules and polythiophenes on 1-D ZnO nanostructures and incorporation of 
AuNPs.
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The literature survey consists of four parts; the first part deals with the advantages, 
properties and applications of polythiophenes, while the second part discusses the possible 
ways of depositing polythiophene on silicon surfaces. The merits and demerits of these 
methods also explained in this section. The third part discusses the doping and 
nanoparticles incorporation in polythiophene films. Finally, fourth part discusses synthesis 
and functionalization of ZnO nanorods and applications of hybrid structures.  
2.1. Polythiophene a conducting polymer (CP) 
2.1.1 Introduction  
 Among organic materials, CPs has attracted most attention for potential applications 
in electronic devices because of their unique properties and versatility. The first conjugated 
polymer, polythiazyl (SN)x, was discovered in 1975, which possesses metallic conductivity 
and becomes superconducting at 0.29 K (Greene et al., 1975). However, the idea of using 
CP for electronic devices emerged after iodine doped trans-polyacetylene exhibited a high 
conductivity of 103 S/cm (Shirakawa, 1977). As a result, other CPs such as polyaniline, 
polypyrrole, polythiophene, polyfuran, polyphenylene and polycarbazole were synthesized 
and used in electronic devices (Saxena et al., 2003; Zhou et al., 1995). Among the CPs, 
Polythiophene has been considered as a model for the study of charge transport with a non-
degenerate ground state and stable doped and undoped states (Roncali, 1992). 
2.1.2. Advantages of polythiophenes 
Like other semiconducting polymers, polythiophene has a rigid backbone of conjugated 
rings. Polythiophene differs from the other CPs because of its non-degenerate ground state 
related to the non-energetic mesomeric forms such as aromatic and quinoid structures, 
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higher environmental stability and structural versatility. The electronic and electrochemical 
properties of polythiophene can be modulated by manipulating the monomer structure 
(Roncali, 1992). The floppy alkyl or alkoxy side groups attached to polythiophene provides 
solubility and rigidity. Importantly, substitution at the 3-position of alkyl or alkoxy side 
groups increases the conductivity and reduces the band gap. Conduction is highly 
anisotropic with one dimensional movement of charge carriers along the chain (Street, 
2006). Due to the electron-rich nature of thiophene ring, polythiophene can be easily and 
reversibly oxidized by chemical or electrochemical means to a p-doped state (Perepichka et 
al., 2005). Because of the structural versatility and environmental stability, polythiophenes 
have found potential applications in light emitting diodes, solar cells, memory devices, thin 
film transistors and chemical sensors. 
2.1.3 Importance of regio-regularity 
In order to achieve the desired functional groups and structure of polythiophene, polymer 
synthesis plays a critical role (Wu et al., 2005). Three possible regio-chemical couplings 
occur while synthesizing polythiophene: head to head (HH), tail to head (TT), and head to 
tail (HT) structures. Four chemically possible distinct triad regio-isomers can be created 
when 3-substituted (asymmetric) thiophene monomers are employed (fig. 2.1) (Sato et al., 
1991). The structurally regular polymers are denoted as regular or HT polymers and the 
irregular polymers are denoted as irregular or non-HT polymers.  
Regio-regular, head-to-tail (HT) poly (3- substituted) thiophene can easily access a low 
energy planar conformation, leading to highly conjugated polymers (Sako et al., 2005). On 
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the other hand, irregularly substituted polythiophenes have structures where unfavorable 
HH or TT couplings cause a sterically driven twist of thiophene rings, resulting in a loss of 
 
 
 Figure 2.1. Four chemically possible couplings in 3-substituted thiophene. 
conjugation (McCullough, 1998). In regio-irregular polythiophene, increase of the torsion 
angles between thiophene rings leads to greater bandgaps with consequent destruction of 
high conductivity and other desirable properties of the polymer (McCullough et al., 1993b). 
Similarly, the electrical conductivity of regio-irregular polythiophenes is lesser than regio-
regular polythiophenes. Therefore, it is always preferable to use regio-regular polymers for 
end use applications (Bolognesi et al., 1999). 
2.1.4 Polythiophene applications 
The desirable electrical conductivity and environmental stability of the polythiophene has 
led to development of electronic devices such as light emitting diodes (LEDs), field effect 
transistors (FETs), photovoltaic cells, chemical sensors and as well as in anti-corrosion 
coatings (Torsi et al., 2001a). The regio-regular poly (3-hexylthiophene) has been 
HT-TT HT-HT 
TT-HT TT-HH 
Chapter 2. Literature Survey 
 
 13 
successfully utilized as the CP in thin film transistors due to its favorable self-assembling 
properties and relatively high field-effect mobility (Bao et al., 1996; Ong et al., 2004; 
Sirringhaus et al., 1998). Similarly, multiple regio-regular polythiophene polymers with a 
variety of side chains, end groups and secondary polymer chains has found different 
potential applications (Wosnick et al., 2000). Polythiophene films have been used as a 
selective layer in sensors or as the transducer (Janata et al., 2003). Similarly, modification 
of end groups or branching of polythiophenes has resulted in applications in light emitting 
diodes, solar cells, and memory devices. 
2.1.5 Choice of polymer 
Alkoxy derivatives of polythiophene have several advantages over poly (3-alkylthiophenes) 
(PATs). If the oxygen is directly attached to the thiophene ring, the bandgap in the 
polythiophene is reduced by a substantial amount and the conducting state of the polymer is 
stabilized and subsequently, the oxidation potential is lowered (Sheina et al., 2005; Tanaka 
et al., 1988). It is important to note that oxygen, directly attached to the thiophene ring, not 
only reduces the bandgap of the polymer but also avoids a detrimental steric twist of the 
polymer out of conjugation (Chen et al., 1993; Leclerc et al., 1990). In addition, 
polythiophene side chains with functional groups can act as molecular recognition units for 
chemical sensing or as arms for directed self-assembly of the polymer (Daoust et al., 1991). 
Most of the regio-regular alkoxy polythiophenes show an electrical conductivity of around 
10-4 to 10-2 S/cm; but after doping, they exhibit electrical conductivity around 1 to 100 
S/cm. This enhanced conductivity will be useful in fabricating devices such as FETs and 
chemical sensors (McCullough, 1998; Soto et al., 2006). 
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2.2. Various deposition techniques for depositing polythiophene films 
Though a number of deposition methods in-use today, many of them have their specific 
limitations and involve compromises with respect to process specifications, substrate 
material limitations, expected film properties, and cost. This makes it difficult to select the 
best technique for any specific application. So, the deposition of any organic films on the 
substrates has to consider the following “Big Four D’s” depending on the applications 
(Rigoberto C. Advincula et al., 2004): 
1. desorption during solvent exposure 
2. displacement by molecules which have stronger interaction with the surface 
3. dewetting (for films above the glass transition temperature), and 
4. delamination (for films below Tg) 
Several deposition techniques like electro deposition, electro static assembly, spin/dip -
coating, Langmuir-Blodgett assembly and covalent molecular assembly have been 
employed to fabricate polythiophene films on different substrates. 
2.2.1 Electro deposition 
Electrochemical synthesis utilizes the ability of the monomer to be coupled on to substrate 
upon oxidation. Though it can cause structural defects on the polymer backbone, 
electropolymerization is a convenient method since it avoids the need for polymer isolation 
and purification (Fabre et al., 2003). Xia et al. reported a novel method for depositing high 
optical quality ultrathin films of conjugated polymers on conducting substrates via 
electrochemistry and rational polymer design (Xia et al., 2001). A polymer precursor, 
which contained pendant electroactive monomer units, was first synthesized by 
conventional chemical methods. The precursor was then electropolymerized and deposited 
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on the conducting substrate. Zotti et al. employed the anodic heterocoupling of different 
pyrrole- and thiophene-based monomers and fabricated thin polyterthiophene films and 
oligothiophene-based self-assembled monolayers on ITO and gold electrodes (Zotti et al., 
2005). Subsequently, they used microcontact printing to form patterned polyconjugated 
polymer brushes. Similar studies have been performed by several researchers (Grande et 
al., 2011; Gurunathan et al., 1999). 
This method is generally applicable to a variety of systems with different polymer 
backbones and monomer units (Kato et al., 2006b; Pang et al., 2006). For thin film devices, 
high quality films of good optical and electronic properties are necessary for good 
performance (Kato et al., 2006a). However, it is well known that films electrodeposited on 
a conducting substrate directly from monomer units normally has rough surface 
morphologies due to agglomeration of monomer films (Kang et al., 2002). This is due to 
the rapid propagation step for the polymerization and precipitation of the polymer out of 
the solution. Usually, the thicknesses of  electrodeposited films are in the order of a few to 
several hundred nanometers (Tsumura et al., 1988).  
2.2.2 Electrostatic assembly 
The most typical self-assembly method is the sequential layer-by-layer adsorption of 
polycations and polyanions (Kim et al., 2002). The components are firmly held together by 
the multiple electrostatic interactions between the opposite charged groups and also can be 
used to self-assemble oppositely charged macromolecules such as polymers and 
biomacromolecules (Ohnuki et al., 2005; Viinikanoja et al., 2006; Wang et al., 2007a; Zotti 
et al., 2004). Constantine et al. developed several bilayers of chitosan (CS) and poly 
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(thiophene-3-acetic acid) (PTAA) to produce a stable supramolecular ultrathin film 
(Constantine et al., 2003). CS adsorbed strongly onto negatively charged surfaces. The 
adsorbed CS layer adopts a flat conformation that provided a stable film on which the 
PTAA was adsorbed as a result of strong electrostatic attraction. This stable ultrathin film 
provided a well-defined substrate-independent interface for enzyme immobilization. Zotti 
et al. employed layer-by-layer self-assembly of water-soluble polythiophene based 
polyelectrolytes to form self-assembled multilayers (Zotti et al., 2008). The combination of 
isostructural polycationic and polyanionic polythiophenes produced layers of chains 
aligned parallel to the substrate plane. These stable, robust, and dense layers formed with 
high regularity on the preformed monolayers, with minimal interchain penetration. 
Similarly, multilayered thin films were successfully prepared from cationic and anionic 
polythiophenes by using this method (Smith et al., 2006; Zhai et al., 2002). 
The uniqueness of the layer-by-layer approach lies in creating a nanoscale film surface 
containing a desired charge. The layer-by-layer assembly prepared by this approach has 
found applications in coating devices and biosensors (Downard et al., 2006). It provides a 
simple method to develop films 5-500 nm thick that possess high strength. Some inherent 
disadvantages of electrostatic approach include lack of registry between successive layers 
and susceptibility to polar environments. 
2.2.3 Chemical Vapor Phase deposition 
Chemical vapor phase deposition (CVD) is a solvent-less method simplifying the coating 
process of a variety of organic and inorganic materials. It is a well-known method for 
synthesizing monomers/polymers to a substrate surface through the vapor phase. It does not 
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depend on wetting the substrate surface or surface-tension effects (Alf et al., 2010; Lock et 
al., 2006). The CVD process parameters like monomer concentration, reaction time, 
temperature, pressure, gas flow rate and layer thickness can be varied to adjust the 
properties required for successful integration of the films into organic devices such as 
organic light-emitting diodes (OLED) and organic thin film transistors (OTFT) (Im et al., 
2007).  Vapor-phase deposition also enables conformal coatings on high-area-surface 
morphologies, like fibers, pores, and irregular geometries (Nejati et al., 2011; Rigoberto C. 
Advincula et al., 2004). CVD approach has several potential benefits like substrates which 
are not electrically conductive or which can be degraded by solvent can also be used, 
including paper, fabric, glass, wafer, and metal oxide.  
Winther et al. adopted a base-inhibited vapor-phase polymerization for synthesizing 
poly(3,4-ethylenedioxythiophene) (PEDOT) with a conductivity of conductivity exceeding 
1000 S/cm. The polymerization occurred by oxidizing 3,4-ethylenedioxythiophene 
monomer vapors in  an oxidative solution of ferric p-toluenesulfonate (Winther-Jensen et 
al., 2004). Spontaneous reaction of the oxidant with the monomer results in the rapid 
formation of π-conjugated thin films (Im et al., 2007). Borelli et al. employed vacuum-
based, vapor phase technique for the deposition of a donor polymer PEDOT for use in 
polymer solar cells. Using oxidative CVD approach, they obtained a conductive PEDOT 
film heavily doped with FeCl3 (Borrelli et al., 2012). Lee et al. showed the deposition of 
insoluble poly(isothianaphthene-3,6-diyl) thin-film from 3,4-diethynylithiophene via 
chemical vapor deposition polymerization. A low band gap of 1.8 eV was obtained due to 
the quinoid state of the polymer stabilized by the thiophene ring fused into the phenyl ring 
(Lee et al., 2007a).  
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Limitations of this technique are transport of both monomer and initiator in the vapor phase 
to the substrate, higher oxidation potential which is unfavorable for polymerization, harsh 
deposition conditions like higher operating temperatures leading to decomposition of the 
precursor molecules and finally, stability of the films (Jakoubková et al., 1996; Zhu et al., 
1999).   
2.2.4 Casting and Spin coating 
Spin coating is a simple procedure to prepare uniform thin films on flat substrates. In short, 
an excess amount of a solution is placed on the substrate, which is then rotated at high 
speed in order to spread the solution by centrifugal force (Stillwagon et al., 1990; Wu et al., 
1999a). The thickness of the film depends on the concentration of the solution and the 
solvent. Spin coating is widely used in microfabrication, and photolithography (Nyberg, 
2004). Spin coating produces thick films upto 1 micrometer. Balocco et al. fabricated 
poly(3-hexylthiophene) (P3HT)-based organic thin-film transistors (OTFTs) with high 
mobility using spin coating technique (Balocco et al., 2006). They were also able to create 
2 µm patterns of spin coated P3HT films using UV lithography. Gurau et al. used spin 
coating approach to form thin films of CP. They developed field effect transistor using the 
spin coated poly (3-hexylthiophene) and poly (2, 5-thienylene vinylene)  (Gurau et al., 
2007). Thiophene dendrimer thin films were also fabricated by this approach and exhibited 
good optical and photoelectric properties (Ofir et al., 2006; Yang et al., 1994). 
The major advantages of spin coating are repeatability, easy operation and good control in 
thickness of film from minimum to maximum. The drawbacks of spin coating process are 
drastic variations in the film thickness, limitation to ultrathin films, limited substrate size 
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and geometry, wastage of materials and decrease in uniformity with increasing substrate 
sizes (Wu et al., 1999b). 
2.3 Langmuir-Blodgett film deposition 
Langmuir-Blodgett (LB) technique is one of the most powerful tools to control molecular 
orientation and organization. LB films are built up by a process of successive deposition of 
individual monolayer onto a solid substrate (Bjornholm et al., 1999; Park et al., 2005); the 
structure of the film can be controlled at the molecular level (Jia et al., 2005a; Reitzel et al., 
2000). Figure 2.2 shows a typical schematic of LB set-up. In this technique, an amphiphilic 
material dissolved in an organic solvent is dispersed on the surface of a subphase (usually 
ultrapure water) (Figure 2.2(I)). After complete evaporation of the solvent, the monolayer 
formed on the subphase is compressed with movable barriers to form densely packed 
monolayer film (Figure 2.21(II)), referred as Langmuir monolayer. The behavior and 
surface pressure of the films are monitored by feedback controller connected with a PC. 
Next, the Langmuir monolayer is transferred onto a solid support at desired surface 
pressure via up-and-down strokes through the air-water interface (Figure 2.2(III & IV)).   
In a typical isotherm measurement (Figure 2.2(V)), a monolayer is formed under 
compression, starting from a two dimensional gas phase (Figure 2.2.V(a)) moving through 
a liquid phase (Figure 2.1.V(b)) to a fully organized solid phase (Figure 2.2.V(c)). In the 
gas phase, the molecules are randomly dispersed without interacting each other. When the 
surface area is decreased the molecules become more closely packed and start to interact 
with each other. At the solid phase, the molecules are completely organized and the surface 
pressure increases dramatically. At the maximum surface pressure, the collapse point is 
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reached after which the monolayer packing is no longer controlled. Amphiphilic substances 
like alkyl carboxylic acids can be successfully fabricated into LB films, but they are not 
mechanically or thermally stable because of the inter-layer and intra-layer bonding is weak 
(viz., Van der Waals’). Stability can be improved by using an amphiphilic polymer as the 
building block (Ulman, 1991). Such assemblies of CP exhibits various electrochemical and 
photochemical properties (Kim et al., 2002).  
 
Figure 2.2. Schematic of a typical LB set-up; (I) dispersed monolayer, (II) compressed 
monolayer with feedback controller, (III) downstroke deposition, (IV) upstroke deposition, 
(V) typical amphiphilic molecule isotherm ( (a) gaseous phase, (b) liquid expanded phase 
and (c) solid phase), and (VI) multilayer LB films deposited on a substrate.  
Tabuchi et al. fabricated LB films from mixed monolayers containing stearic acid (SA) and 
various Head-to-Tail (HT) poly (3-alkylthiophene) (Tabuchi et al., 1999). The alkoxy 
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substituted derivative of poly (3, 4- ethylenedioxythiophene) was also deposited by LB 
assembly (Bjornholm et al., 1998). These films form a two-dimensional molecular set due 
to the van der Waals force, and this process can be used to create regularly packed array of 
layers. They also showed the self-organized properties and molecular orientation of these 
films were affected by the length of alkyl-side chains (Tabuchi et al., 1999).  Greve et al. 
synthesized stable monomolecular layer of regio-regular LB polythiophene films 
possessing alternating hydrophobic and hydrophilic substituent (Greve et al., 1999). 
Nakhara et al. showed the short alkyl chain of terthiophene without any hydrophilic groups 
forming LB films of mixed monolayers with arachidic acid (Nakahara et al., 1988). LB 
films of regio-regular polythiophenes have been formed on various substrates and have 
found applications in LEDs, FETs, sensors and photovoltaics (McCullough et al., 1993b; 
Ong et al., 2004; Tsumura et al., 1988; Xu et al., 2000).  
The LB technique is one of  the few methods by which organic films of controlled 
thickness, uniform surface and highly ordered structures can be deposited on a substrate 
(Jia et al., 2005b). Limitations in LB processing are poor processability, requirement of 
amphiphilicity, weak interaction between the substrate and the monomolecular film, the 
weak acid and alkali resistance, and the weak film durability (Sako et al., 2005).  
2.3.1 Film morphology 
In devices, the film morphology plays an important role in conductivity and electron 
mobilities. However, solution processing of these conjugated polymers has the drawback of 
strong intermolecular π–π interactions inducing thin-film de-wetting, resulting in non-
uniform morphologies due to phase separation (Park et al., 2011). Thus, these films exhibit 
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high device-to-device variation in morphology and their performance depends strongly on 
processing conditions (Lee et al., 2012).  Some of the common factors inducing phase 
separation were surface tension of each component in the solution, solvent evaporation rate 
and nature of the substrate. Such phase separation could lead to various morphologies such 
as islands, bi-continuous structure, holes and spaghetti like structures with size ranging 
several µm (Cui et al., 2005; Park et al., 2011).  Reitzal et al. observed highly ordered local 
structures of LB polythiophenes were the prerequisite for obtaining good electronic 
properties such as high carrier mobility and high in-plane conductivity (Reitzel et al., 
2000). The choice and selection of copolymer to induce or avoid the phase separation is 
very important (Matsumoto et al., 2004; Price et al., 2009).  
2.4 Covalent Self-Assembly 
In most of the self-assembled monolayer (SAM), the substrates were modified with long 
chain alkyl groups which ideally form densely packed monolayer that had limited electrons 
or energy transfer across the interface. Figure 2.3 shows the schematic of covalent SAM’s 
formation on solid substrates. In this technique, the organic moieties with functional groups 
are covalently self-assembled on the substrate surface from the liquid or vapor phase 
containing organic moieties by dipping into the solution or exposing to the vapors (Figure 
2.3(a&b)) and subsequently, a highly organized and densely packed molecular layer forms 
spontaneously on the substrate (Figure 2.3(c&d)). The formation of the self-assembled 
monolayer is driven by a strong interaction between the substrate and a surface-specific 
functional group of the organic moieties (Zhang et al., 2005a). Subsequent, layer-by-layers 
can be also formed by using bi-functional organic moieties and functional terminal groups 
availability. Several groups reported the surface functionalization and multilayer formation 
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on various substrates (gold, ITO, quartz and silicon) using organic moieties with variety of 
functional groups like trimethoxy/trichloro silanes, thiols, acids, halides and many (Aswal 
et al., 2006; Chechik et al., 2000; Wolfgang Knoll et al., 2011).  
 
Figure 2.3. Schematic of typical covalent SAM formation on solid substrates; (a) substrate 
and solution preparation, (b) substrate dipping and film deposition, (c) removal of substrate 
and rinsing with solvent, and (d) covalent SAM formed on substrate. 
Fabrication of such SAMs using self-assembly methods enables us to control molecular 
structure at the nanoscale level. This method creates uniform layers avoiding excessive 
deposition of the material and the films are thermodynamically stable even under severe 
chemical and physical treatment (Puniredd et al., 2006). The ability to create ordered 
organic monolayer with control of electron transport at the interface is an important 
milestone towards the fabrication of molecular scale devices. The electrical characteristics 
of such junctions are highly dependent on the nature of the interactions between the organic 
layer and the substrate. Creating an ordered polythiophene film with high mobility is 
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mostly a question of suppressing the disordering effects. So, it is preferable for 
polythiophene to be chemically bound to the substrate for the preparation of stable and 
high-quality junctions (Chechik et al., 2000). The interactions between the π-stacked 
polythiophene chains influence the two dimensional electronic transport and limits the 
mobility of the films. So, the polythiophene chain stacking should be considered with 
following molecular parameters; regio-regularity, molecular weight, and side chain length, 
processing conditions (film preparation procedure, solvent used, and film thickness) 
(Saxena et al., 2009).  
Different approaches have been employed to covalently bind the polythiophene to silicon 
surface. Okawa et al., deposited a thiophene derivative containing a thiol group, (3-
thienylethyl)-11-mercaptoundecanoate on gold wafer and the molecules were adsorbed at 
the thiol group with end-on configuration (Okawa et al., 2000). Fabre et al. functionalized 
silicon surface with alkyl chains terminated by electrochemically polymerizable thienyl 
units. Later, these functional groups acted as anchoring sites for the thiophene which was 
electrochemically polymerized on those sites (Fabre et al., 2002). Fikus et al. performed a 
two-step procedure to covalently bind polythiophene on silicon surface. In the first step, 11-
(3-thienyl) undecyl-trichlorosilane (TUTS) was deposited by spontaneous self-assembly 
process. In the second step, the TUTS deposited substrate was chemically polymerized 
(Fikus et al., 1999). These methods employed monomers as the starting materials, and the 
films formed by these methods were not homogenous (He et al., 1998). In order to 
overcome these defects, researchers developed different ways of covalently bonding 
polythiophene on silicon surface, by direct deposition of monomers on the silicon surface 
and subsequently polymerizing the monomers, and a precursor route in which a precursor 
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was deposited on the silicon surface, the monomer thiophene reacted with the precursor and 
subsequently polymerizing the monomers. In all these approaches in converting the 
thiophene monomers to polymer, the regio-regularity, conjugation length, oxidation 
potential, bandgap, conductivity, steric hindrance, functionality, uniformity and further 
modification of polymer will be affected and need more process conditions to control (Kim 
et al., 2001). Furthermore, the modification or deposition of another layer is restricted. 
Apart from silicon, gold, ITO and other metal oxide are also employed as substrates (Noh 
et al., 2002a; Sako et al., 2005; Sullivan et al., 2000). 
Widge et al. developed covalently bound mixed SAMs of poly(alkylthiophene)s and 
mercaptohexadecanoic acid on gold surfaces (Widge et al., 2007). They showed these films 
had improvement in the electrical properties and biocompatibility of gold electrodes for 
neural prostheses. Zhang et al. fabricated composite polyimide thin films of hydroxyl 
polyimide and polythiophene acetic acid with reduced surface resistivities (Zhang et al., 
2005b). These films were covalently cross-linked through ester formation, giving rise to 
chemical, thermal and mechanical robustness. Solvent less deposition techniques like 
supercritical carbon dioxide (SCCO2) have also received much attention because of the 
unique nature and properties of materials in the supercritical state. Puniredd et al. 
demonstrated the feasibility of constructing robust, covalently linked molecular multilayers 
using SCCO2 as the depositing medium (Puniredd et al., 2007). But, this approach had 
limited application in directly depositing CPs because of poor polymer solubility in SCCO2 
(Ganapathy et al., 2006). 
The stability and strength of multilayer ultrathin films with covalent interlayer bonding are 
believed to be more advantageous since they are robust enough to withstand elevated 
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temperatures, polar solvent attack, mechanical wear and abrasion, etc. This approach leads 
to various potential applications for creating chemical and biological sensors, and also for 
field effect transistors and optoelectronic devices (Hergenrother et al., 2000; McQuade et 
al., 2000).  
2.5 Effect of doping 
Most of the conducting polymer have conductivity around 10-4 to 10-2 S/cm which is in the 
range of semiconducting polymer. Doping is the process of oxidizing (p-doping) or 
reducing (n-doping) the neutral polymer to form a positively charged or a negatively 
charged defect, respectively (MacDiarmid et al., 1985). But, the charge neutrality is 
maintained by a charged counter ion, usually derived from the doping agent. The doping 
was normally done by exposing the polymer films with an oxidizing agent, commonly 
FeCl3 or I2. After doping the polymers had conductivity around 1 to 100 S/cm. The 
coplanarity of the thienylene moieties in the polythiophene chain leads to extensive π-
conjugation units which lead to a lower ionization potential and a greater propensity to be 
oxidatively doped .  
Chen et al. fabricated polymer-based thin film transistors of regio-regular poly(3-
hexylthiophene) (RR-P3HT)  and poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-
phenylenevinylene) on glass substrates (Chen et al., 2004; McCullough et al., 1993a). They 
observed a two fold increase in the magnitude of field effect mobility after FeCl3 doping 
RR-P3HT. Kao et al. showed the stable bulk doping of polythiophene films by hydrolized 
ﬂuoroalkyl trichlorosilane by partial cross–linking via a silane self-polymerization (Kao et 
al., 2009). These films exhibited a six fold increase in the magnitude of conductivity due to 
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protonic doping by the free silanol groups and also stable in vacuum and non-polar 
environments. Takechi et al. synthesized polymerized porphyrin and polythiophene films 
on ITO and fabricated solar cells (Takechi et al., 2006). They observed a small amount of 
iodine doping of the film improved the incident photon-to-electron conversion efficiency 
by modifying the HOMO level and allowing a fast electron transfer from polythiophene to 
porphyrin moiety. 
Doping should be carried out without affecting the structure and surface morphology. The 
doping levels are varied depending upon the requirement level for the applications. But 
many factors has to considered like chemical, temperature and long term stability of these 
doped films before its operational capability in device applications (Jinwei, 2005; Zhang et 
al., 2005b).  
2.6 Gold nanoparticles (AuNPs) 
2.6.1 Introduction 
Noble metal nanoparticles like AuNPs have several distinctive physical and chemical 
properties and of recent interest due to their optical, electrochemical and catalytic 
properties which are not characteristic of bulk gold.  The salient features of AuNPs are its 
chemical inertness, easy preparation, easy modification and easy control of particle size 
(Uehara, 2010). These properties have facilitated the use of AuNPs as key materials for 
nanoscientific and nanotechnological applications. 
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2.6.2 Synthesis and functionalization of AuNPs 
The synthesis and functionalization of SAM on AuNPs are intensively studied because of 
its applicability as building blocks to construct nanoarchitectures and nanodevices for 
potential applications in biology, catalysis, surface engineering and optoelectronics 
(Bönnemann et al., 2001). Mostly, NPs are synthesized by bottom-up approach where it 
relies on chemical reduction of metal salts, electrochemical pathways, or the controlled 
decomposition of metastable organometallic compounds. A large variety of stabilizers, e.g. 
donor ligands, polymers, and surfactants, are used to control the growth of the nanoclusters 
formed initially and to prevent them from agglomeration (Zhou et al., 2009). The chemical 
reduction of transition metal salts in the presence of stabilizing agents, to generate 
zerovalent metal colloids in aqueous or organic media is one of the most common and 
powerful synthetic methods in this field (Watzky et al., 1997).  
The simplest and by far the most commonly used preparation for AuNPs is the aqueous 
reduction of gold salt by sodium citrate at refluxing conditions (Grabar et al., 1995). The 
size variation and overall reaction mechanism are mostly determined by the solution pH 
and the concentration of sodium citrate (Ji et al., 2007). Although sodium citrate is the most 
common reducing agent, metal nanoparticles can also be synthesized by using borohydride 
and other reducing agents (Brust et al., 1994; Brust et al., 1995). Shi et al. synthesized 
AuNPs of surface-terminated with bi-functional ligands of the type X-R-SH (X = COOH, 
OH, NH2).  These ligands preferably bond to the gold surface through their thiol end group 
(-SH). They also observed that the sizes, discreteness and dispersability of the particles 
were influenced by the terminal functionality (Shi et al., 2004). These bi-functional ligands 
can further act as anchor site to bind on solid surfaces or to link with other functionalities. 
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Leff et al. synthesized primary amine functionalized AuNPs with long alkyl chain as other 
end which exhibited hydrophobic behavior. The amine end group formed a weak covalent 
bond with AuNP (Leff et al., 1996). Similar functionalization of AuNPs have been reported 
by several research groups (Daniel et al., 2003).  
Crooks et al. reported the synthesis and characterization of dendrimer-encapsulated metal 
nanoparticles and their applications to catalyze the hydrogenation of allyl alcohol and N-
isopropyl acrylamid where dendrimers acted as host molecules to incorporate metal 
nanoparticles (Crooks et al., 2000). Ghosh et al. synthesized gold colloids functionalized 
with amino acids provide a scaffold for effective DNA binding with subsequent 
condensation. These amino acid-based nanoparticles were responsive to intracellular 
glutathione levels, providing a tool for controlled release and concomitant expression of 
DNA (Ghosh et al., 2008). Ouyang et al. fabricated non-volatile memory device composed 
of polystyrene film blended with AuNPs capped with conjugated 2-naphthalenethiol. These 
structures exhibited electrode-sensitive bipolar resistive switchings due to the contact 
potential of AuNPs and electrode arising from charge transfer between them (Ouyang et al., 
2010). Joseph et al. synthesized chemiresistor coatings comprised of dodecylamine-
stabilized AuNPs and networked through dodecanedithiol linkers. The films swell upon 
exposure to the vapors of toluene, 4-methyl-2-pentanone, 1-propanol and water, altering the 
film resistances (Joseph et al., 2008).  
2.6.3 Incorporation of AuNPs 
Conjugated polymeric films with AuNPs have attracted much attention due to their 
enhanced catalytic, electrical, chemical/biological sensing and electrochemical properties. 
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For example, the energy conversion efficiencies of organic solar cells based on pure 
conducting polymers films with thickness of several tens of nanometers are fairly low 
(Spanggaard et al., 2004).  However, Huang et al. fabricated molecular junctions composed 
of oligothiophene dithiol-bridged AuNPs which exhibited distinct photoresponsive 
properties (Huang et al., 2006). This is mainly due to the unique ability of AuNPs to store 
electrons, promoting charge separation and facilitating electron transportation (Wang et al., 
2007a).   
Zhai et al. reported a one-pot synthesis of regio-regular poly(3-hexylthiophene) (P3HT) 
stabilized gold nanoparticles with narrow size distributions that can form fibril-like 
structures due to the self-assembly of regio-regular polythiophene (Zhai et al., 2004). 
Suzuki et al. synthesized AuNPs capped with regio-regular poly(3-hexylthiophene) and 
doped with I2 gas. These structures showed an enhanced electrical conductivity and 
exhibited a ferromagnetism behavior (Suzuki et al., 2011). Nicholson et al. synthesized 
composite poly (3-hexylthiophene)/dodecanethiolate protected AuNPs LB films and 
observed a significant increase in the visible photoluminescence of the polythiophene 
(Nicholson et al., 2006). Ruiz et al. showed the distribution of AuNPs on spin coated and 
Langmuir-Schaffer (LS) films and its effect on film lateral conductivity. They observed 
AuNPs incorporation enhanced the lateral conduction in LS films and decreased in spin 
coated films (Ruiz et al., 2005). Several other research groups have attempted to 
incorporate AuNPs into polymeric and polythiophene films because of their ease of 
synthesis and stabilization (Hansen et al., 2008; Intelmann et al., 2005; Zhang et al., 2007). 
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Amount of nanoparticles incorporation and the distribution of the nanoparticles in the 
polythiophene films and its effect on conjugation, conductivity and film uniformity have to 
be carefully considered.   
2.7 1D ZnO nanostructures 
2.7.1 Introduction 
One-dimensional (1D) semiconducting metal oxide nanostructures have drawn continuous 
research attention because of their unique electrical, optical, and magnetic properties 
different from the bulk counterparts, as well as their potential applications in mesoscopic 
research and nanodevices (Wang et al., 2006; Xia et al., 2003; Zhai et al., 2009). Among 
many inorganic semiconductor 1D nanomaterials, Zinc oxide (ZnO), a II–VI 
semiconductor with a wide band gap of about 3.37 eV (at 300 K) and a large free exciton 
binding energy of 60 meV, is an excellent electronic and photonic material with promising 
application like dye-sensitized solar cells, field emission devices, sensors, catalysis and 
light-emitting diode (LED) (Klingshirn et al., 2010). But, the main challenge is to 
synthesize these structures precisely on substrates by effectively controlling over the sizes, 
aspect ratios, compositions, and crystal structures in nanoscale, so that the physical and 
chemical properties of 1D material can be tailored in a controllable way (Jie et al., 2010; Lu 
et al., 2006). 
Various physical and chemical synthesis methods like vapor phase deposition, molecular 
beam epitaxy, sputtering, hydrothermal and chemical bath depositions have been employed 
to grow seed layers as well as 1D ZnO nanorods (NRs), nanowires and nanobelts.  
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2.7.2 Importance of ZnO Seed layers 
Growth of large-area and high-quality ZnO nanostructures on various substrates is 
important not only for synthesizing 1D nanostructures but also for many device 
applications where the interface between substrate and nanostructures will play a role. For 
example, ZnO growth on sapphire substrate had a high dislocation density caused by in-
plane lattice mismatch of 18.4% which would eventually deteriorate any device 
performance (Ozgur et al., 2005). These defects can be easily overcome by creating seed 
layers on the depositing substrates. The seed layers not only acts as nuclei for further 1D 
nanostructures growth at perpendicular direction but also to overcome lattice mismatches, 
thus creating no strain induced thermal-expansion mismatch, absence of highly defective 
substrate-layer interface, lower overall defect density, easy control over the material 
polarity by using Zn-face or O-face (0001) substrate and simple device design (Ozgur et al., 
2005; Suresh Kumar et al., 2011; Wang et al., 2005). Several approaches have been 
adopted to synthesize seed layers for growing 1D nanostructures and eventually overcome 
lattice mismatches.  
2.7.2.1 Seed layer growth 
Mostly, seed layers are required on the depositing substrates for wet deposition techniques 
to synthesize 1D nanostructure which is usually carried out in two steps. Firstly, the seed 
layer is deposited by sputtering, spin coating and successive ionic layer adsorption and 
reaction (SILAR) approaches. Later, 1D ZnO nanorods, nanowires and nanotubes are 
synthesized by electrodeposition and chemical bath deposition approaches.  
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2.7.2.1a Sputtering  
In this technique, positively charged argon ions from the plasma are accelerated toward the 
negatively biased target (cathode), resulting in material being sputtered from the target and 
deposited on a substrate in the vicinity. Chang et al. synthesized uniform ZnO seed layers 
from compressed ZnO powder targets on indium tin oxide glass using radio frequency (RF) 
sputtering approach and the nanorods were grown by hydrothermal process (Chang et al., 
2011; Lin et al., 2006b).  They showed the optimal seeding process involved in fabrication 
of potential piezoelectric nanogenerator. Wang et al. employed direct current (DC) reactive 
sputtering and RF magnetron sputtering approach for depositing ZnO seed layers on silicon 
using Zn metal and ZnO as targets and nanorods were grown by aqueous solution route 
(Wang et al., 2009b). They observed the uniformity and alignment of the nanorod arrays 
are strongly related to the properties of underneath ZnO seed layers. 
This approach has many advantages like low temperature operation, homogeneous coating 
on larger areas and even the materials with very high melting points are easily sputtered. 
However, the limitations are contaminations, availability of sputtering targets and complex 
process. 
2.7.2.1b Spin coating 
As discussed in section 2.2.4, spin coating is a simple procedure to prepare uniform thin 
films on flat substrates. Initially, ZnO precursor solution is prepared by dissolving in a 
suitable solvent. Later, then an excess amount of the solution is placed on the substrate, 
which is then rotated at high speed in order to spread the solution by centrifugal force. The 
thickness of the film depends on the concentration of the solution and the solvent.  
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Yang et al. adopted two step approaches to grow well-aligned ZnO nanorod arrays on 
silicon substrate by pre-treatment with spin coating to form ZnO nanoparticles as seed layer 
and chemical bath deposition (CBD) for nanorod growth (Yang et al., 2009). They 
observed that both diameter and density of ZnO nanoparticles, which were pre-coated on 
the substrates, influenced the size and alignment of nanorods. Ong et al. fabricated highly 
crystalline ZnO thin-film semiconductor via controlled thermal annealing of spin coated 
ZnO solution to give a preferential crystal orientation in c-axis which was normal to the 
substrate (Ong et al., 2007). They also demonstrated that the crystal orientation of ZnO 
thin-film had a profound impact on its FET properties. 
The major advantages of spin coating are repeatability, easy operation and good control in 
thickness of film from minimum to maximum. However, the limitations are drastic 
variations in the film thickness, limitation to ultrathin films, limited substrate size, wastage 
of materials and further thermal processing require for creating ZnO nuclei to act as seed 
layer. 
2.7.2.1c Successive ionic layer adsorption and reaction (SILAR) 
The SILAR growth is a several alternate step process of synthesizing thin films involving 
subsequent immersion of substrates in cationic precursor solution and anionic solution with 
subsequent rinsing in solvent between every immersion. All the reactions occur in adsorbed 
substrate surface. Mostly, water has been used as the solvent. It acts as ion-exchanging 
media and to remove excess and loosely bound particles on the surface. The rinsing time in 
anionic water solution is critical for ionic layer formation (Tolstoy, 2006). 
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Kumar et al. adopted SILAR approach to synthesize ZnO nanostructures on glass 
substrates, the spindle like structures acted as nuclei site for the growth of vertically 
oriented 1D ZnO NRs (Kumar et al., 2008).  They also showed that the seed layer played a 
vital role in the orientation and density of the NRs on the glass surface.   Lupan et al. 
synthesized Sn, Ni-doped nanostructured ZnO thin films on glass substrates using SILAR 
method at room temperature (Lupan et al., 2008). These doped structures had been used for 
sensing NO2 and NH3 gases and exhibited an excellent sensitivity.     
The advantages of this process are its simple and relatively low temperature process, 
produce robust films, easily coated on any substrates i.e. even flexible substrates, avoids 
oxidation or corrosion of metallic substrates, better orientation and improved grain 
structures. However, the limitations are complicated chemical reactions, solubility of the 
precursors, maintaining pH and formation of surface hydroxyls. 
2.7.3 Synthesis of 1D ZnO nanostructures  
Though lot of synthesis techniques available for growing 1D ZnO nanostructures, the 
process selection depends on operating temperature and pressure, inert environments, 
depositing substrates, chemical requirements and finally operating costs. Physical 
techniques like vapor depositions, sputtering and molecular beam epitaxy have the 
advantages of growing nanostructures without any requirement of catalysts and seed layers, 
defects-less ZnO structures and no complicated reactions. But the limitations are higher 
operating conditions, sophisticated equipments and deposited only on substrates 
withstanding higher temperatures. But in chemical solution processing, it requires low 
temperature, tunable dimensions with high aspect ratios, easy synthesis and no limitations 
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of substrates (example like flexible substrates can also be used). But the disadvantages are 
complicated chemical reactions and side products (Xu et al., 2011; Yu et al., 2010).  
2.7.3.1 Physical deposition techniques 
2.7.3.1a Vapor phase deposition 
Using vapor phase deposition techniques, ZnO nanostructures are grown by using two 
different approaches: vapor-solid (VS) and vapor-liquid-solid (VLS).  In VS approach, 
vapors species are first generated by evaporating at higher temperatures and followed by 
chemical reduction or oxidation if necessary. These species are then subsequently 
transported and condensed on the surface of substrate placed in a lower temperature zone 
(Lyu et al., 2003; Zhang et al., 2002). In VLS approach, the catalysts such as Au particles 
or Au coated substrates have been used.  These catalyst seed particles are enriched by the 
vapor species until they are saturated and start to solidify, and finally grow outward from 
the catalyst (Huang et al., 2001; Schmidt-Mende et al., 2007). 
Umar et al. adopted thermal evaporation approach to fabricate needle-like nanowires, 
nanorods, and nanosheets of ZnO on silicon substrate from metallic zinc powder in oxygen 
atmosphere (Umar et al., 2008).  They were also able to show the morphology of ZnO can 
be controlled by simply adjusting the substrate temperature. Lee et al. adopted metal 
organic CVD process to grow ZnO nanowires on gallium arsenide and silicon substrates 
using thermal evaporation of diethylzinc as zinc precursor and oxygen gas as the oxidizer 
(Lee et al., 2004). They also showed the ZnO nanowires fabricated were promising 
candidates for high aspect ratio probes for AFM cantilevers. Yang et al. employed VLS 
method to synthesize ZnO nanowires on Au coated silicon and sapphire substrates and they 
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were able to control the orientation, density and diameter of the nanowires (Yang et al., 
2002).  
These approaches have many advantages like tunability of size and density, large area 
deposition and no complicated chemical reactions. But, the limitations are higher operating 
temperature, catalysts, oxidizing gas, high cost equipments and substrates.  
2.7.3.1b Molecular beam epitaxy deposition 
In this approach, inorganic precursors in pure form are heated in separate quasi-Knudsen 
diffusion cells until they begin to slowly sublimate. The gaseous species are 
then condensed on the substrate. This technique allows the concurrent fabrication of a 
number of artificial lattices or hetero-junctions where the composition and thickness of 
each layer, and the deposition are manipulated at the atomic scale (Koinuma et al., 2004). 
Wang et al. fabricated highly vertically aligned ZnO nanoneedle arrays on wafer-scale 
catalyst-free c-plane sapphire substrates by plasma-assisted molecular beam epitaxy under 
high Zn flux conditions (Wang et al., 2009a). These nanoneedle arrays exhibited strong free 
exciton emissions and donor-bound exciton emissions. El-Shaer et al. synthesized high 
quality ZnO epilayers by molecular beam epitaxy on sapphire substrate using hydrogen 
peroxide as an oxidant (El-Shaer et al., 2005). The synthesized ZnO epilayers were grown 
heteroepitaxially on sapphire and exhibited single-crystalline in nature. 
Molecular beam epitaxy has advantages like reducing contamination and oxidation of 
material surfaces, low growth temperature, in-situ monitoring of growth and growth 
parameters can be adjusted precisely. The limitation are high vacuum requirement, well 
cleaned substrates, contamination of growing layers by source materials, possible surface 
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damage by high-energy particles and degradation of plasma sources due to high reactivity 
of oxygen radicals (El-Shaer et al., 2005; Wang et al., 2008). 
2.7.3.2 Wet deposition techniques 
2.7.3.2a Electrodeposition 
For electrodeposition, a standard three-electrode setup is typically used, with a saturated 
Ag/AgCl electrode as the reference electrode and Pt as the counter-electrode. The anode, 
where growth usually takes place, is placed parallel to the cathode in the deposition 
solution. The electrical bias throughout the reaction system is constantly maintained for a 
steady reaction rate (Xu et al., 2011). 
Pradhan et al. employed a simple electrochemical deposition technique to deposit ZnO 
nanostructures with diverse morphology on ITO-coated glass substrates at low temperature 
of 70 oC (Pradhan et al., 2008). They observed that the concentration of Zn(NO3)2.6H2O 
electrolyte is important to controlling the dimensionality of the nanostructures from 1D 
nanospikes to nanopillars, 2D nanowalls and nanodisks. Xu et al. reported an 
electrodeposition route for the preparation of oriented and well-defined ZnO nanostructures 
by kinetically controlling the growth rates (Xu et al., 2005). They showed that the 
morphology was evolved from hexagonal tapers to hexagonal rods and rhombohedral rods 
by changing the compositions of the capping agents.  
The advantages of this process are low temperature, conformal coating of thin films over 
large areas, high deposition rates, low equipment costs, high throughput and the process is 
commercialized. But the limitations are need of conducting surfaces, solubility of the 
chemical, corrosion and contamination of metal substrates.  
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2.7.3.2b Chemical bath deposition (CBD) 
The chemical bath deposition involves two steps, nucleation and particle growth, and the 
mechanism is based on the formation of a solid phase from the solution. In this method, the 
substrate is immersed in an aqueous solution containing the precursors kept at low 
temperatures. Solid ZnO nuclei are formed by the dehydration of the hydroxyl species, the 
high energy polar surfaces then adsorbs the incoming precursor molecules and transforms 
into another polar surface with inverted polarity. This lead to continuous growth of the ZnO 
nanostructures in one direction i.e. along the c-axis (Xu et al., 2011).   
Vayssieres et al. synthesized ZnO nanowires and oriented NR arrays by template-less and 
surfactant free aqueous solution method at a temperature of 95 oC for several hours on 
fluorine tin oxide and silicon substrates (Vayssieres, 2003). The surface morphology, 
dimension and density of the NR arrays were tuned by simply changing the precursor 
concentrations.  Greene et al. fabricated ZnO nanowires on fluorine tin oxide and silicon 
substrates from aqueous solution of zinc nitrate and hexamethylene-tetramine and they 
showed the addition of poly(ethylenimine) increased the lengths of the wires with aspect 
ratios over 125 (Greene et al., 2006). They also showed that this approach also used to 
synthesize Co-doped ZnO nanowires by simply adding a metal salt like cobalt acetate to the 
solution and these structures showed a marked deviation from paramagnetic behavior. Tak 
et al. synthesized ZnO NR arrays on a patterned Si substrate by combining the general 
photolithography method and the solution growth method (Tak et al., 2005). They showed 
by combining these approaches will lead to fabricate facile and controlled nanodevices. 
This approach have lot of advantages like high yield, low cost, easy fabrication, low 
temperature deposition, larger area applicability, crystalline NR arrays with better 
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orientation, tunable dimensions with high aspect ratios and high reproducibility and no 
limitations of substrates. However, the limitations are complicated chemical reactions, 
surface contamination of residual chemicals and maintaining pH (Wang et al., 2008). Due 
to the simplicity and versatility of SILAR and CBD approaches, both these methods have 
been adopted to grow seed layer and NR arrays on silicon, ITO and glass substrates.  
2.7.4 Surface functionalization of ZnO nanostructures 
The organic/inorganic hybrid structured materials are rapidly emerging as potential 
candidates to fabricate controllable molecular arrays with efficient intra-molecular energy 
and electron transfer between organic and inorganic moieties. These structures possess the 
combined properties of organic/inorganic structures exhibiting superior electronic and 
optical properties. One of the complementary strategies for effectively transferring the 
electron transfer across the interface is by creating covalent linkage between 
organic/inorganic materials by small organic molecules and conjugated polymers that 
would form a new class of hybrid systems (Jiu et al., 2005). Such hybrid systems exhibit 
many characteristic properties which can be used in potential applications like biological 
sensors, light-emitting diodes, and solar cell devices (Allen et al., 2008).  
2.7.4.1 SAMs on ZnO nanostructures 
Organic monomer molecules with single and bi-functional groups have been widely used 
for surface modifications, tuning and enhancing the electronic and optical properties, 
improving the surface wettabilities, creating dielectric layers and polar groups at the metal 
interfaces and in hybrid structures. In addition, bi-functional organic molecules possess the 
advantage of creating linkages for further molecular attachments, anchoring of 
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nanoparticles, and bio-molecules. Many approaches like CVD, spin and dip coating have 
been employed to modify and functionalize the ZnO surface. Owing to the fact that metal 
oxides exhibit variable surface energies, the surface wetting of organic molecules has to be 
carefully considered such that interpenetration and uniform anchoring will occur. One of 
the possible strategies involves covalent bonding of the organic molecules using different 
surface chemistry where the interfaces across organic and ZnO molecules are well 
established with better electrons and holes transfer (Huang et al., 2010). 
Ruankham et al. synthesized hybrid solar cells based on ZnO/P3HT where ZnO NR arrays 
were surface modified with small organic molecular indolin D205 dye (Ruankham et al., 
2011). The functionalized dye created dipole moments directing away from the ZnO 
surface and suppressed the reverse saturation dark current density and charge 
recombination which significantly improved the power conversion eﬃciency (PCE) from 
0.22% to 0.71%. Taratula et al. functionalized the surface of ZnO nanotips covalently by 
bi-functional C16 carboxylic acids through the -COOH group binding with alkyl chain of 
thiol and imide group exposed outwards (Taratula et al., 2009). These functionalized films 
later acted as linker to covalently bind the DNA molecules and used as biosensors. Zhang 
et al. also functionalized 1D ZnO nanowires by carboxyl and carboxyalkylphosphonic acid 
linkages, whereas other functional group outwards immobilizes the IgG protein (Zhang et 
al., 2010). Yip et al. fabricated bulk heterojunction based polymer solar cells comprised of 
SAM-modified ZnO/metal bilayer cathode (Yip et al., 2008). The contact properties 
between the ZnO and metal were greatly enhanced by interfacial modification with a series 
of carboxylic acid-based dipolar SAMs. Similar works on functionalizing ZnO 
nanostructures with SAM have been reported by several researchers depending on their 
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surface and application requirements (Elena, 2004; Tang et al., 2008; Yao et al., 2008). The 
importance and the need for tuning surface properties of ZnO and other metal-oxide 
nanostructures has created a lot of opportunities for further investigation of self-assembling 
various organic molecules for future applications.  
2.7.4.2 Hybrid polythiophene/ZnO nanostructures 
Polythiophene based solar and electronic devices are attracting much attention due to their 
advantages such as light weight, flexibility, processability, low cost and larger area. But, 
the drawback is relying on a single layer of conjugated polythiophene, in which effective 
dissociation of excitons and transfers of electron-holes are limited. So, creating a 
heterojunction of two materials with different energy levels will induce efficient exciton 
dissociation and electron transfers (Cheyns et al., 2008; Koster et al., 2007). This lead 
researchers to create bulk heterojunctions (BHJ) based on two polymers, in which electron 
donors such as poly(3-hexylthiophene) (P3HT) and acceptors such as (6,6)-phenyl C61 
butyric acid methyl ester (PCBM) were blended to form one mixed layer (Kumar et al., 
2009). This bulk heterojunction morphology enhanced the interfacial area where the 
photogenerated excitons were dissociated into charge carriers and enables holes and 
electrons transfer effectively. But, the difficulty of controlling the morphology of the blend, 
tendency toward phase segregation, stability and degradation of these devices need to be 
considered before commercializing (Jørgensen et al., 2008).  
This lead to synthesize hybrid organic/inorganic structures consisting of polythiophene and 
semiconducting ZnO metal-oxides as promising candidates for the development of next 
generation low-cost, high efficient photovoltaic and electronic devices (Jiu et al., 2005). 
These structures possess the combined advantages of facile solution processing of 
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polythiophenes with high hole mobility and high charge-carrier mobility of ZnO 
nanostructures, where intimate mixing of both generates a random bi-continuous 
morphology with interface of efficient electron-hole transfer (Ju et al., 2008). The key 
advantage of using ZnO as electron acceptors is its capability of producing rigid 
nanostructures with good crystalline in nature. These 1D nanostructures create a direct and 
ordered path for photogenerated electrons to the collecting electrode in solar cells 
(Galoppini et al., 2006).  
Liu et al. developed hybrid organic/inorganic light emitting devices consisting of ZnO 
nanoparticles, poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylenevinylene] 
(MDMO-PPV) and poly(3,4-oxyethyleneoxy-thiophene):poly(styrene sulfonate) 
(PEDOT:PSS) on ITO surface with various device configurations ZnO:MDMO-PPV/Al 
and ITO/PEDOT:PSS/MDMO-PPV/Al. Higher electroluminescence intensity of the ZnO 
based hybrid devices was observed than the pristine organic MDMO-PPV devices. The 
addition of ZnO nanocrystals enhanced the charge injection and charge transport by 
decreasing the energy barrier (Liu et al., 2007). Aleshin et al. observed switching and 
memory effects in composite films based on thiophenes and inorganic ZnO particles. 
Introduction of inorganic nanoparticles (ZnO) lead to strong acceptor properties into 
polymer matrix, thus creating memory effects which manifested the transition of the 
polymer from a low-conductivity state to a high-conductivity state (Aleshin et al., 2008). 
Liem et al. fabrication a heterojunction diode made up of p-type polymer poly(3,4- 
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) and an n-type ZnO films 
(Liem et al., 2010). They observed the grain size compatibility and interaction between the 
films played a vital role in achieving high performance polymer/inorganic thin film diodes.   
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Peiro et al. fabricated hybrid solar cells by solution processing of P3HT with ZnO nanorods 
and nanoparticles. They observed a charge recombination with a half-life of over 1 ms for 
vertically aligned ZnO nanorods, which was more than two orders of magnitude slower and 
power conversion efficiency over four times greater than for randomly oriented ZnO 
nanoparticles (Peiro et al., 2005). So, an ideal hybrid device is one in which donor and 
acceptor materials are arranged in a densely packed vertical array where vertical alignment 
of the nanostructures ensure a non-tortuous path for charge transport and minimize 
radioactive decay of excitons (Ravirajan et al., 2006). 
Olson et al. fabricated hybrid poly(3-hexylthiophene)/ZnO nanofiber based photovoltaic 
device on ITO substrate where P3HT films were spin coated on nanofibers (Olson et al., 
2007). For effective infiltration of polymer into ZnO nanostructures and to create well 
defined interfaces, the spin coated polymers were sintered at about 200 oC. Depending on 
the sintering conditions and environments, the polymer films degrades or oxidizes easily.  
For macroscopic devices, the electrical properties of organic/inorganic hybrid depend on 
nanostructure size, film uniformity, phase segregation, interfacial interactions, mobility and 
trap density which significantly have an impact in the performance (Ravirajan et al., 2006). 
In order to overcome those effects, polythiophenes can be covalently anchored on the ZnO 
surface for effective interface and efficient electron-hole transfer.   
Briseno et al. fabricated p-n heterojunction of end-functionalized oligo- and polythiophenes 
grafted on single ZnO nanowires for hybrid solar cells. Side chain end group of P3HT was 
functionalized into phosphonic acid terminated which easily anchored on ZnO surface by 
forming multidentate bonds, forming core-shell nanowires of thickness around 10 nm. 
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These hybrid p-n heterojunction nanowire solar cell exhibited ideal characteristics (Briseno 
et al., 2009). Zhang et al. demonstrated the functionalization of single-crystal ZnO 
nanowires by anchoring side-functionalized polythiophenes to produce hybrid core/shell 
nanostructures (Zhang et al., 2012). The amorphous polymer formed a uniform crystalline 
layer with the chain backbones extended along the along long axis and offered a convenient 
means to effectively control the fast conduction direction of electron and holes in hybrid 
photovoltaic devices.  
2.7.4.3 Incorporation of AuNPs in hybrid ZnO nanostructures 
As discussed earlier in the previous section, both AuNPs and ZnO nanostructures possess 
characteristic electrical and optical properties on their own. However, the hybrid 
nanostructures containing both AuNPs and ZnO are very attractive due to their novel and 
enhanced properties in applications like photocatalytic, sensors, photovoltaics and surface 
plasmonic resonances (Chen et al., 2009b; Lee et al., 2011; Weintraub et al., 2010). 
Bora et al. fabricated  dye-sensitized solar cells (DSSC) of ZnO NRs decorated with in-situ 
citrate reduced AuNPs (Bora et al., 2011). These hybrid structures lead to the formation of 
Schottky barrier at the ZnO/Au interface and the higher optical absorptions were due to the 
surface plasmon absorption of AuNPs, enhancing power-conversion efficiency. Im et al. 
demonstrated a simple method for attaching AuNPs to ZnO NRs and NPs by dithiol ligands 
(Im et al., 2011). They observed a shift in the photoluminescence and absorbance which 
were due to the Burstein-Moss effect in which photogenerated electrons accumulated on 
AuNPs transferred to the ZnO conduction band, causing band-gap widening. Udawatte et 
al. prepared well-defined Au/ZnO NP composites by modifying ZnO with preformed 
AuNPs protected with bi-functional glutathione ligand (Udawatte et al., 2011). The 
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thiolate-protected AuNPs significantly enhanced the charge separation by extracting 
electrons from the photoexcited ZnO and consequently improved the photocatalytic activity 
of the composites.  
Zhang et al. synthesized water-soluble ZnO NRs/Au nanocomposites with tunable UV and 
visible emission intensity (Zhang et al., 2008b). Cellular uptake experiments revealed the 
ZnO/Au hybrid nanocrystals possess good biocompatibility and have potential applications 
in biomedicine. He et al. developed a simple and green strategy to decorate ZnO NR arrays, 
based on electrophoresis deposition of Au colloidal solution prepared by laser ablation in 
water and subsequent laser irradiation (He et al., 2010). Such AuNP-decorated ZnO NR 
arrays exhibited excellent surface-enhanced Raman scattering performance and showed the 
possibility of molecule-level detection. Hao et al. developed an efficient semiconductor-
sensitized solar cell (SSC) based on the hybrid P3HT/CdSe/ZnO core-shell NR arrays as a 
photoanode by electrodeposition method (Hao et al., 2010). The formation of p-n 
heterojunctions between n-type CdSe and p-type P3HT caused efficient charge separation 
and the ordered NR arrays provided direct channels for electron and hole transport to the 
electrodes, improving the energy conversion efficiency. Su et al. synthesized AuNPs of 12 
to 15 nm size and blended with the donor layer of a P3HT/TiO2 bilayer heterojunction 
device (Su et al., 2011). The blending of AuNPs into P3HT caused a lower 
photoluminescence (PL) intensities and a decreased energy level of the highest occupied 
molecular orbital (HOMO) than the pristine P3HT owing to the good electron-accepting 
nature of AuNPs. Further, with increase in the AuNP content resulted in additional 
interfaces which facilitated the charge separation of excitons and percolation pathways for 
enhanced electron transfer to the TiO2 acceptor. 
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From the above discussions, there is still a lot of promise in the covalently assembled SAM 
and polythiophene functionalized ZnO NR hybrid structures and surface decorated AuNPs 
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This chapter demonstrates the deposition of multilayers of conducting pre-formed 
polythiophene films on different substrates with substrate-film and layer-to-layer links 
established by covalent bonding. These films were characterized by UV–Visible 
spectroscopy, X-ray photoelectron spectroscopy, atomic force microscopy and 
ellipsometry. Thickness of the films and UV–Visible absorption intensity increased linearly 
with increase in the number of layers. The covalently bonded nanostructured films 
possessed uniformity, good thermal and chemical stabilities. Electrochemical impedance 
spectroscopy confirmed uniform coverage of the substrate by the films and improvement of 
the electrical characteristics of the films after doping. The technique facilitates formation of 
robust, functional ultrathin films for use in applications such as chemical sensing and 
photovoltaic applications. 
3.1.2 Experimental details 
3.1.2.1 Materials 
Regio-regular poly (3-(2-methoxyethoxy)ethoxymethylthiophene-2,5-diyl (PMEEMT), 
(MW – 11,000) and 33% hydrogen bromide in acetic acid were purchased from Sigma-
Aldrich. p-aminophenyltrimethoxysilane (APhS) and 4, 4’-diaminodiphenyl ether (DDE) 
were purchased from Gelest and Fluka, respectively, and stored in a desiccator. Their 
molecular structures are shown in Figure 3.1.1. Solvents chloroform, dimethyl acetamide 
(DMAc), methanol and acetone of HPLC grade and nitromethane of synthesis grade were 
purchased from Merck. Ferric chloride (FeCl3) (anhydrous) was purchased from Merck. All 
chemicals were used as received. Silicon wafers (Engage Electronics Pte Ltd., Singapore) 





used were 0.6 mm thick, p-doped, polished on one side and with a native oxide layer. 
Indium-tin oxide (ITO) coated glass slides with sheet resistance of 20 Ω cm, were 
purchased from Anhui Bengbu Huayi Conductive Film Flass co., Ltd (China, PR). Quartz 
slides were purchased from Achema Co., Singapore. 
 
                   
 
       
                       APhS  PBrEEMT       DDE 
Figure 3.1.1. Molecular structures of materials. 
3.1.2.2 Substrate preparation 
Silicon wafers and quartz slides were treated with a 7:3 (v/v) piranha solution mixture of 
concentrated sulfuric acid and 30% hydrogen peroxide at 70 oC for 45 min. Caution: 
piranha solution is highly oxidative, wear proper personal protective equipment (PPE) 
when handling it. The wafers were then rinsed with de-ionized (DI) water and acetone 
several times and blown dry with nitrogen. ITO substrates were treated with a 5:1:1 (v/v) 
solution of DI water, 40% ammonia solution and 30% hydrogen peroxide at 80 oC for 1 h. 





















3.1.2.3 Polymer modification 
1:2 stoichiometric ratios of 2 mM PMEEMT and hydrogen bromide was taken in a round 
bottom flask and refluxed for 1 h at 50 oC. After the reaction, the reaction mixture was 
cooled and the bromine-modified polythiophene precipitated in methanol and washed 
multiple times with methanol to ensure that residuals were completely removed. Later, the 
precipitated poly (3-(2-bromoethoxy)ethoxymethylthiophene-2,5-diyl (PBrEEMT) was 
filtered from the methanol solvent by a nylon filter membrane (0.2 µm pore size, Whatman 
filters) and dried in vacuum overnight. 
3.1.2.4 Film fabrication 
The procedure of multilayer assembly of polythiophene on silicon was as follows: 
Step 1: Substrate preparation:   The piranha treated surface rich in hydroxyls was 
immersed in a 3mM APhS solution in toluene for 2.5 h at room temperature. After 
immersion, the substrates were rinsed copiously with toluene and followed with 10 min 
sonication in toluene to remove loosely bound APhS, again rinsed with toluene and 
methanol in succession and blown dry with nitrogen. 
Step 2: Deposition of the first polythiophene layer: The APhS-derivatized substrates were 
immersed in 1 mM PBrEEMT in chloroform for 3 days at room temperature. Subsequently, 
the wafers were rinsed with copious amounts of chloroform, sonicated for 10 min, again 
rinsed with chloroform and blown dry with nitrogen. 
Step 3: Linker diamine deposition: The polythiophene containing substrates were immersed 
in 1% (w/v) DDE in DMAc for 3 days at room temperature. After immersion, the substrates 





were rinsed copiously with DMAc and sonicated for 10 min, rinsed successively with 
DMAc and methanol and blown dry with nitrogen. 
Step 4: Second layer polythiophene deposition: The step 2 was repeated. 
The reaction schematics of the multilayer deposition are shown in Figure 3.1.2. 
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3.1.2.5 Polymer doping 
The polythiophene film-laden substrates were immersed in 0.1 M of FeCl3 in nitromethane 
for 5 min and were rinsed thoroughly in nitromethane subsequent to the immersion. De-
doping was carried out by thermal treatment under vacuum and at 100 oC for 1 h. 
3.1.2.6 Characterization 
The 1H Nuclear Magnetic Resonance (NMR) spectrum was obtained from Bruker Avance 
300 NMR at 300 MHz and with CDCl3 as solvent. UV-Visible absorption spectra were 
recorded on a Shimadzu UV-1601 PC scanning spectrophotometer operating at a resolution 
of 1 nm. A bare quartz slide was used as the background.  
X-ray Photoelectron Spectroscopy (XPS) was performed to verify the atomic 
concentrations of species.  XPS measurements were made on a Kratos Analytical AXIS 
HSi spectrometer with a monochromatized Al Kα X-ray source (1486.71-eV photons) at a 
constant dwell time of 100 ms and pass energy of 40 eV. The core-level signals were 
obtained at a photoelectron takeoff angle of 90° (with respect to the sample surface). The 
X-ray source was run at a reduced power of 150 W. The pressure in the analysis chamber 
was maintained at 7.5 × 10-9 Torr or lower during each measurement. All binding energies 
(BEs) were referenced to the C 1s hydrocarbon peak at 284.6 eV. In peak analysis, the line 
width (full width at half-maximum) for the Gaussian peaks was maintained constant for all 
components in a particular spectrum.  
Surface morphologies were investigated using a Nanoscope III atomic force microscope 
(AFM). All images were collected in air using the tapping mode and a monolithic silicon 





tip. The drive frequency was 330±50 kHz, and the voltage was between 3.0 and 4.0 V. The 
drive amplitude was about 300 mV and the scan rate was 0.5-1.0 Hz.  
Thickness characterization was performed by ellipsometry (WVASE 32, J.A.Woollam Co. 
Inc.,). Scanning spectra were acquired over the wavelength range of 600-1000 nm at three 
different incidence angles, 65o, 70o and 75o. The modeling for the thin film measurement 
used silicon (Si.MAT) as the base layer with 0.6 mm thickness, the silicon dioxide 
(SiO2.MAT) as the next layer with a thickness of 2.5 to 3 nm and the cauchy package 
(CAUCHY.MAT) for the polymer films. Multiple readings were taken and the readings 
were averaged.  
The impedance measurements were performed using a model Reference 600 Potentiostat 
electrochemical impedance spectroscopy (EIS) instrument (Gamry Instruments) interfaced 
to a personal computer. The measurement were carried out in a  glass cell equipped with a 
gold-coated silicon counter electrode and an Ag/AgCl as reference electrode containing an 
aqueous solution of 0.1 M Na2SO4, 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6.3H2O. 
Polythiophene films coated on an ITO substrate acted as working electrode. Impedance 
data were obtained by applying a 10 mV AC potential with frequency ranging from 5 mHz 
to 20 KHz. All impedance curves were plotted in semi-logarithmic scale. Quantitative 
estimates of the film resistance values were determined by fitting the EIS data with an 
equivalent circuit using nonlinear least-square fitting routines of the software package 
Gamry Echem Analyst.  
 
 





3.1.3 Result and discussion 
3.1.3.1 Amine bond formation  
The amine derivatized surfaces were prepared by deposition of APhS on the hydroxyl-
covered silicon surface. APhS has trimethoxy silane end groups which easily hydrolyze on 
the hydroxyl covered silicon surface forming a tripod (Zhang et al., 2005a). The bromine 
functional group in the PBrEEMT side chain facilitated the formation of secondary amine 
bond with the amine covered silicon surface via nucleophilic displacement reaction 
(Haensch et al., 2008; Perring et al., 2008; Rozkiewicz et al., 2005). Due to regio-regularity 
of the polythiophene, unreacted bromine would also be available for further reactions to 
form multilayers. The reaction scheme could be reused to form multilayers linked with 
secondary amine bonds by using a diamine such as DDE as the linking agent.  
3.1.3.2 Polymer modification 
Due to the limited reactivity of ether bonds, the ether functional group at the end of the side 
chain in PMEEMT was converted to a bromine terminated functional group since hydrogen 
halides have the tendency to break the ether bond. The reactivity of the hydrogen bromide 
depends on the length of the ether chain. Therefore, the stoichiometric ratio of hydrogen 
bromide to polythiophene was maintained so as to ensure that only the end ether group is 
cleaved and no other intermediates or byproducts formed (Burwell, 1954; Burwell et al., 
1957; Grobelny, 2004).  
Conversion of the methoxy end group to bromine terminated functional end group was 
confirmed by 1H NMR spectroscopy. Figures 3.1.3a & 3.1.3b show the 1H NMR spectra of 
pure PMEEMT and converted PBrEEMT.  The respective peak positions of all the protons 





for both polythiophenes are reported below (Bjornholm et al., 1998; Chen et al., 1993; 
McCullough et al., 1993a).  
PMEEMT: 1H-NMR, (CDCl3, (ppm), δ, 7.27 (s, 1H), 4.66 (s, 2H), 3.66-3.75 (m, 6H), 3.54 
(m, 2H), 3.36 (s, 3H).  
PBrEEMT: 1H-NMR, (CDCl3, (ppm), δ, 7.27 (s, 1H), 4.66 (s, 2H), 3.56-3.75 (m, 4H), 1.59 
(m, 2H), 3.36 (t, 2H). 
The main differences between the two spectra were the peak positions of triplet proton of 
the methyl group at position ‘e’ assigned to a new value from 3.66 ppm to 1.59 ppm. The 
methyl triplet proton at peak position ‘g’ was converted to bromide after the nucleophilic 
displacement reaction. Upon conversion of the methoxy group to bromide, the triplet 
proton peak at position ‘f’ shifted from 3.54 ppm to 3.36 ppm. In addition, increase in   
electronegativity due to bromide in the chain caused the triplet proton at position ‘e’ to shift 
to a lower ppm value (Costa-Bizzarri et al., 2004). Both observations confirmed the 
successful conversion of PMEEMT to PBrEEMT.  
 
 







1H NMR spectra for a) pure PMEEMT and b) modified PBrEEMT. 





3.1.3.3 UV-Vis absorption 
 
Figure 3.1.4. UV-Vis spectra of layer-by-layer deposition of polythiophenes on quartz 
surface. 
The displacement reactions and binding of polythiophene on amine surfaces were 
investigated using UV-Visible and X-ray photoelectron spectroscopies. Figure 3.1.4 shows 
the UV-Vis spectra of layer-by-layer deposition of polythiophenes on quartz surface. π-π* 
conjugation due to phenyl ring in APhS was observed at wavelength (λmax) 243 nm. The 
peak for the phenyl ring in APhS was red shifted to 258 nm which confirmed the change in 
the basicity of the phenyl ring due to the formation of secondary amine bond. The π-π* 
conjugation of the thiophene backbone corresponding to λmax at 380 nm was also observed. 
Both the λmax at 258 nm and 380 nm confirmed the successful deposition of the first layer. 





The covalent binding of DDE with PBrEEMT was confirmed again by the presence and 
increase in λmax at 253 nm. Even though the basicity of the amine was changed due to the 
second secondary amine bond, free amine attached to the phenyl ring caused a small shift in 
the λmax from the 258 nm to 253 nm. Deposition of second polythiophene layer was 
confirmed by the shifting of phenyl ring π-π* conjugation from 253 nm to 256 nm as well 
as the increase in the absorbance of polythiophene at 380 nm.  
3.1.3.4 X-ray Photoelectron Spectroscopy  
3.1.3.4a Deposition of APhS: Figure 3.1.5 shows the XPS spectra of C 1s and N 1s peaks 
after APhS deposition on silicon. In the C 1s spectra (Figure 3.1.5a), the peak at 284.6 eV 
is due to the C-C bond in the phenyl ring and the peak at 286 eV is due to the C-N bond. 
The core level N 1s peak (Figure 3.1.5b) at 398.6 eV corresponds to amine group and the 
peak at 400.8 eV corresponds to the protonated amine (Zhang et al., 2004). Both the C 1s 
spectra and N 1s spectra confirmed successful deposition of APhS.  
 
Figure 3.1.5. XPS spectra of a) C 1s and b) N 1s of APhS deposition on silicon surface.  





3.1.3.4b First polythiophene layer: Figure 3.1.6 shows the XPS spectra for C 1s, N 1s, S 2s, 
S 2p, Br widescan comparison and Br 3d. Successful deposition of polythiophene was 
confirmed by the presence of -C-S- peak and -C-O-C- peak at 285.1 eV and 286.4 eV, 
respectively, in addition to the presence of C-C peak at 284.6 eV and –C-N peak at 286 eV 
(Figure 3.1.6a). The N 1s spectra show the presence of free amine along with the secondary 
amine peak at 399.8 eV and the protonated amine peaks (Figure 3.1.6b). S 2s, S 2p3/2 and S 
2p1/2 peaks at 228.1 eV, 163.8 eV and 164.8 eV were also observed (Figures 3.1.6c & 
3.1.6d) (Dillingham et al., 1996b, 1996a) . The absence of the bromine in the widescan for 
the APhS layer and its presence after modification confirmed the successful deposition of 
the polythiophene layer (Figure 3.1.6f). The core level bromine peaks 3d3/2 and 3d5/2 were 
observed at 69.7 eV and 68.7 eV, respectively (Figure 3.1.6e). The presence of S and Br 
core level peaks and Br widescan spectra confirmed deposition of PBrEEMT. 
3.1.3.4c DDE deposition: DDE was anchored to the previously deposited PBrEEMT by the 
second secondary amine bond with one –NH2 group of DDE reacting with the available 
bromine of the polythiophene. As discussed in the above section, the characteristic peaks 
for –C-N, -C-S, --C-O-C-, -NH2, S 2p and S 2s were observed (XPS scans not shown).  The 
presence of bromine after DDE deposition suggested that some were unreacted due to the 
steric hindrance of the side chains of polythiophene obstructing secondary amine bond 
formation.  








Figure 3.1.6. XPS spectra for a) C 1s, b) N 1s, c) S 2p, d) S 2s, e) Br widescan comparison 
and f) Br 3d for the first polythiophene layer. 
 





3.1.3.4d Comparison of C/N and N/Br ratios: The C/N ratio and N/Br ratios were calculated 
from XPS data at the end of each deposition step (Table 3.1.1). The C/N ratio for the first 
polythiophene layer (step 2) layer increased due to the binding of polythiophene with the 
amine from APhS. Both nitrogen and carbon contents increased simultaneously after 
deposition of DDE (step 3). After the deposition of the second polythiophene layer (step 4) 
the carbon content increased as expected. The N/Br ratio observed after deposition of the 
first polythiophene layer suggested that all the amines were not completely converted into 
secondary amines. Nonetheless, the ratio increased after step 3 due to increased nitrogen 
content and reduced bromine content because of secondary amine bond formation between 
DDE and PBrEEMT. The ratio decreased after deposition of the second layer of 
polythiophene due to increase in bromine content. Thus, the changes in the C/N and N/Br 
ratios were consistent with the successful deposition of the multilayers of polythiophene. 










C/N 1.76 3.4 3.3 6.6 









3.1.3.5 Morphology study 
Figure 3.1.7 shows the sequence of AFM images of the layer-by-layer structures. Firstly, 
the smooth hydroxyl-covered, piranha-treated silicon surface (Figure 3.1.7a) was modified 
to show well-defined features of the densely packed amine-covered surface after APhS 
deposition (Figure 3.1.7b).  The first polythiophene layer (Figure 3.1.7c) resulted in a 
smeared surface with sharper features. The sharpness was reduced after deposition of DDE 
(Figure 3.1.7d) on first polythiophene layer resulting in a smoother surface with amine 
functional group exposed similar to that of the APhS layer. The second polythiophene layer 
(Figure 3.1.7e) re-created topography similar to that observed after the deposition of the 
first polythiophene layer. The above observations were consistent with the measured 
surface roughness values. The roughness value of 0.11 nm for the hydroxyl-covered silicon 
surface increased to 0.18 nm after deposition of APhS. Deposition of subsequent layers on 
APhS resulted in changes in surface roughness (0.34 nm after the first polythiophene layer, 
0.27 nm after DDE and 0.29 nm after the second polythiophene layer).  The reduction in 
roughness after deposition of DDE suggests that DDE was randomly oriented.  This 
randomness may have persisted after the deposition of the second polythiophene layer. 
 






Figure 3.1.7. AFM images of a) hydroxyl surface, b) APhS surface, c) 1st polythiophene 
layer, d) DDE surface and e) 2nd polythiophene layer. 





3.1.3.6 Thickness measurements  
 
Figure 3.1.8. Average thickness of layer-by-layer structures on silicon surface. 
The thickness measurements gave physical evidence of layer-by-layer deposition of 
polythiophene on silicon surfaces. Figure 3.1.8 shows the gradual increase in thickness with 
layer-by-layer assembly. The thickness of the APhS layer was 0.8 nm. The thickness of the 
first polythiophene layer was around 1.4 nm suggesting that the polythiophene was not 
orienting vertically to the surface (Matsuura et al., 2001). A similar inference can be made 
for the DDE films whose thickness was 0.7 nm (Zhang et al., 2005c). Finally, the thickness 
of the second polythiophene layer was around 1.3 nm (Asaduzzaman et al., 2005; Ong et 
al., 2005).  
 





3.1.3.7 Electrochemical Impedance analysis 
Electrochemical Impedance Spectroscopy (EIS) is a sensitive tool for detection of pinholes, 
defects in the film, band gap energy, oxidation potential, chemical resistivity, steric 
selectivity and photosensitivity of the film. The basic concern with deposited polythiophene 
films were the degree of their molecular organization (Cihaner et al., 2007). The 
electroactive groups or counter ions formed in the PBrEEMT film during deposition would 
lead to decrease in compactness and organization (Roncali, 1992). These effects will be 
studied using the EIS technique. Due to the high resistance in the silicon substrate and the 
complexity in modeling, an ITO substrate was preferred because of its high electron density 
and to facilitate easier AC impedance measurements (Hillebrandt et al., 1999).  
Multilayered polythiophene films on APhS-functionalized ITO surfaces were prepared 
similar to those on silicon substrates.  The behavior of polythiophene films have been 
represented as electrical circuit elements.  
 
Figure 3.1.9. Equivalent electrical circuit for polythiophene films on ITO surface. 





The constant phase element (CPE) with diffusion model has been used to calculate the 
resistance of the films. In the CPE model, the circuit element consists of the electrolyte 
solution resistance, Ru, polarization resistance, Rp, a constant phase element and the 
Warburg diffusion impedance, Wd (Mark E. Orazem et al., 2008; Yang et al., 2007).  
Figure 3.1.9 shows the equivalent electrical circuit. Due to the non-ideal behavior of the 
polythiophene films, we have used the CPE and Warburg diffusion impedance to calculate 
the resistance. Further details about the CPE and Warburg diffusion impedance can be 
obtained from various sources (Chemla et al., 2004; Loveday et al., 2004; Redondo et al., 
2009). 
 
Figure 3.1.10. (a) and (b) Impedance and Nyquist spectra for polythiophene films on ITO. 
Figure 3.1.10a show the impedance of each layer as a function of frequency. Figure 3.1.10b 
shows the Nyquist spectra of each layer. Increase in film thickness  resulted in increase in 
the impedance of the films (Widge et al., 2007). Since ITO is a good conductor, further 
addition of the organic films on the substrate reduced the contact between the electrolyte 





solution and the ITO substrate. The impedance spectra consist of a semicircle at higher 
frequency representing the electron transfer limited process, whereas linear part at lower 
frequency represent the limited electron transfer due to diffusion. 
3.1.3.8 Doping and de-doping of layer-by-layer polythiophene films 
 
Figure 3.1.11. (a) and (b) Comparison of impedance spectra and Nyquist spectra of first 
layer polythiophene film after doping and de-doping. 
Figures 3.1.11a and 3.1.11b show the impedance and Nyquist spectra of the first layer 
polythiophene before and after doping, and after thermal treatment. The impedance of the 
first layer polythiophene film decreased after doping because of the injection of Cl3
- ions 
into the polythiophene backbone (Goldenberg et al., 1994; Goldenberg et al., 1998; 
Royappa et al., 1992; Takechi et al., 2006). Upon thermal treatment, the films get partially 
oxidized which subsequently increased the impedance of the film (Zhang et al., 2005b). 
Similar behavior of decreased impedance after doping and increase in impedance after 





thermal treatment was observed for the linking DDE layer as well as second polythiophene 
layer (Figures 3.1.12a & 3.1.12b, Figures 3.1.13a & 3.1.13b). 
 
Figure 3.1.12. (a) and (b) Comparison of impedance spectra and Nyquist spectra of linking 
DDE layer after doping and de-doping. 
 
Figure 3.1.13. (a) and (b) Comparison of impedance spectra and Nyquist spectra of second 
layer polythiophene film after doping and de-doping. 





Figure 3.1.14 shows the computed values of the film resistances (Rp) before and after 
doping, and after de-doping of the polythiophene structures. The film resistance decreased 
after doping and subsequently increased after thermal treatment. The film resistance of the 
first layer and second layer polythiophene structure decreased by about 50% after doping 
whereas the film resistance decreased by around 32% for the linking DDE layer. The 
difference in the decrease in resistance is expected due to the amount of dopants 
incorporated as well as discontinuity in the DDE film when compared with the 
polythiophene films. Successful deposition of subsequent layers of polythiophene films and 
uniform film coverage were confirmed by the gradual increase in the Rp and decrease in Rp 
upon doping, thus improving the conducting behavior of polythiophene. 
 
Figure 3.1.14. Computed values of the film resistances (Rp) using equivalent circuit 
analysis.  






This work demonstrated the successful construction of multilayer’s of preformed 
polythiophene films on silicon substrate for the first time by covalent molecular assembly. 
Multilayer of robust, bromine-modified polythiophene films were successfully deposited on 
amine terminated surfaces by formation of secondary amine bonds. The secondary amine 
bonds were formed by SN2 nucleophilic displacement reaction between amine and bromide. 
The covalent binding was confirmed by UV-Vis and XPS spectroscopies. These films 
exhibited uniformity, good thermal and chemical stabilities. These covalently assembled 
films also showcased its potential and capability for further construction of functional 
films. Electrochemical impedance spectra confirmed the layer-by-layer polythiophene 
structure and uniform coverage of the films. Expected changes in resistance upon doping 
and de-doping of the polythiophene structures confirmed the retention of their electrical 
characteristics.  
Chapter 3.2. Different Approaches of Gold Nanoparticle Incorporation in Covalently 









IN-SITU AND EX-SITU APPROACHES FOR GOLD NANOPARTICLE 
INCORPORATION IN COVALENTLY ASSEMBLED 









Chapter 3.2. Different Approaches of Gold Nanoparticle Incorporation in Covalently 




This chapter demonstrates the fabrication of composite films of gold nanoparticles (AuNPs) 
incorporated in covalently assembled PBrEEMT film by in-situ and ex-situ approaches. 
Firstly, direct incorporation of AuNPs on covalently assembled PBrEEMT films has been 
performed. The amount of AuNPs incorporation depends upon the film coverage and 
interaction of thiophene and amine group with AuNPs. So, PBrEEMT films are 
functionalized with amine rich polyallylamine (PAA). These films have more AuNP 
incorporation due to more gold-amine interaction. Finally, 4-aminothiophenol (ATP) 
functionalized AuNPs have been employed to covalently bond the PBrEEMT films. This 
approach will pave the way for reducing the number of steps involved in AuNP 
incorporation and also create direct interaction of AuNPs with covalent PBrEEMT films 
and enhance the electrical conductivity of the films. The functionalization and 
incorporation of AuNPs in PBrEEMT films are studied in detail using AFM, FESEM and 
XPS techniques.   
3.2.2 Experimental details 
3.2.2.1 Materials 
Polyallylamine (PAA) (Mw ~ 65,000) (20 wt% in water), 4-aminothiophenol (ATP), 
sodium citrate and gold (III) chloride trihydrate were purchased from Sigma-Aldrich. Poly 
(3-(2-bromoethoxy) ethoxymethylthiophene-2,5-diyl (PBrEEMT) was synthesized as 
mentioned in the section 3.2.3. The solvents chloroform, dimethyl formamide (DMF) and 
ethanol (HPLC grade) were purchased from Merck, Fluka and Tedia respectively, and were 
used as received.  
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3.2.2.2 Substrate preparation 
Silicon wafers and glass substrates were prepared as mentioned in the chapter 3.1.2.2. 
3.2.2.3 Gold nanoparticle synthesis and functionalization 
Gold nanoparticles (AuNPs) were prepared by standard method reported in the literature 
(Grabar et al., 1995). Specifically, 1 mM of gold (III) chloride trihydrate was prepared in 
30 ml of deionized water, which was refluxed at 100 °C and stirring at 600 rpm for 10 min. 
3 ml of 38.8 mM sodium citrate in deionized water was added to the refluxing solution. 
Stirring was continued for the next 45 min. Color of the mixture evolved gradually from 
gray to purple and finally to wine red, indicating the formation of AuNP. The detailed 
reaction mechanism for the formation AuNP from gold (III) trichloride by sodium citrate 
reduction was discussed by Ojea-Jimel et al. (Ojea-JimeÌ nez et al., 2010). 
The AuNPs were functionalized with ATP as follows. Initially, 50 ml of AuNP solution 
was taken in a round bottom flask and 6 mM of 4-aminothiophenol in 3 ml ethanol was 
added drop wise. The color changes immediately from wine red to dark purple. The 
reaction mixture was kept for 1 h. These functionalized AuNPs were centrifuged several 
times and washed with copious amount of ethanol and vacuum dried in an oven overnight. 
Finally, ATP functionalized AuNPs were dispersed in DMF and used for deposition. 
3.2.2.4 PAA deposition 
50 ml of water containing 0.1 wt% PAA was prepared in a glass beaker. The PBrEEMT 
modified Si wafer was immersed in the PAA solution for 12 h. After the deposition, the 
substrate was cleaned in copious amount of water and sonicated for 10 min. The substrate 
were blown dried in nitrogen and stored in an inert atmosphere.  
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3.2.2.5 Gold nanoparticle (AuNP) incorporation 
AuNPs were incorporated by ex-situ and in-situ approaches. The schematic of the AuNP 
incorporation was shown in Figure 3.2.1. In ex-situ approach, the PBrEEMT functionalized 
films were immersed in AuNPs solution for 12 h, whereas amine terminated surfaces were 
exposed for 2 h. After the incorporation, the films were washed in water and sonicated for 5 
min to remove loosely bounded AuNPs (Scheme 1 & 2). The AuNPs were incorporated 
into the films due to its affinity to the amine and thiophene sulphur groups. 
 In in-situ approach, the PBrEEMT films were exposed to ATP functionalized AuNPs 
dispersed in DMF solvent for 12 h (Scheme 3). After incorporation, the films were rinsed 
thoroughly in DMF and sonicated for 5 min to remove the loosely bounded AuNPs.  These 
films were carefully stored in nitrogen atmosphere and further characterized. 
 
Figure 3.2.1. Schematic of AuNPs incorporation on covalently assembled PBrEEMT films.  
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UV, AFM and XPS characterizations have been carried out as described in the section 
3.1.2.6. The gold nanoparticles were imaged by transmission electron microscopy (JEM-
2010, JEOL USA Inc.). The electron beam accelerating voltage of the microscope was set 
at 200 kV. The sample was prepared by depositing a drop of gold nanoparticle solution on 
to a copper grid coated with carbon film. The surface morphology of the polythiophene 
films and the distribution of nanoparticles on the polythiophene films were studied by field 
emission scanning electron microscopy (JSM6700F, JEOL USA Inc.). 
 
 
3.2.3 Result and discussion 
3.2.3.1 AuNPs incorporation in covalently assembled films  
The PBrEEMT films were covalently assembled layer-by-layer as discussed in the section 
3.2.4. The AuNPs synthesized by citrate reduction approach exhibited a diameter of 15 ± 3 
nm (Figure 3.2.2a, inset TEM image). These synthesized AuNPs were incorporated after 
each layer-by-layer deposition (section 3.2.4) and the amount of AuNPs incorporation 
depended on the film coverage of APhS and PBrEEMT and interaction with thiophene 
sulfur and amine molecules. Figure 3.2.2 shows the FESEM images of AuNPs incorporated 
in covalently assembled films. The amine terminated APhS layer exhibited a uniform and 
dense layer of AuNP incorporation (Figure 3.2.2a). The tripod bonding due to 
hydroxylation of trimethoxy silane on silicon surface created a uniform layer, thus 
increasing the amine functionalities.  These primary amine groups form weak covalent 
Chapter 3.2. Different Approaches of Gold Nanoparticle Incorporation in Covalently 
Assembled Polythiophene Films 
79 
 
bonds with AuNPs (Sainsbury et al., 2007). First layer of PBrEEMT was formed by 
nucleophilic displacement reaction of bromine end group in PBrEEMT with amine 
terminated APhS forming a secondary amine covalent bond.  So, the availability of the 
amine groups was limited. But, the AuNPs presence throughout the PBrEEMT films after 
immersing in the AuNP solution was due to the thiophene sulphur interaction with the 
AuNPs forming coordinating complexes (Zhai et al., 2004).  The decreased amount of 
AuNPs than APhS layer was due to steric hindrance of the side chains (Figure 3.2.2b). 
Subsequent immersion of DDE layer showed an increase in the AuNPs higher than 
PBrEEMT layer and lesser than the APhS layer (Figure 3.2.2c). The increase in AuNPs was 
due to immediate interaction of amine groups without any steric hindrances. 
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Figure 3.2.2. FESEM images of covalently assembled layer-by-layer PBrEEMT films: (a) 
APhS layer, (b) 1st layer of PBrEEMT, (c) DDE layer and (d) 2nd layer of PBrEEMT. 
This was also the reason for the increase in exposure time for PBrEEMT layers compared 
to amine terminated layers. Similar decrease in AuNPs incorporation was observed for 
second layer PBrEEMT (Figure 3.2.2d). AFM images also showed the similar trend in 
AuNPs incorporation in the covalently assembled films (Figure 3.2.3), confirming the 
nature of the interaction and incorporation of AuNPs. APhS layer exhibited a dense layer of 
uniformly coated AuNPs on Si surface, whereas subsequent immersions led to the decrease 
in AuNP content due to steric hindrance and interaction. The AuNPs presence even after 5 
min sonication confirmed its stable interaction with the assembled films. 
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Figure 3.2.3. AFM images of covalently assembled layer-by-layer PBrEEMT films: (a) 
APhS layer, (b) 1st layer of PBrEEMT, (c) DDE layer and (d) 2nd layer of PBrEEMT. 
Height scale bar is 20 nm. 
Similar XPS observations as observed in section 3.1.3.4 were found for the covalently 
bonded layer-by-layer films after the AuNP incorporation. The densely packed AuNPs on 
APhS layer exhibited an N 1s peak at 399.6 eV which was due to the amine interaction 
with AuNPs. A small protonation peak at 401.2 eV was also observed due to the residual 
citrate presence (Figure 3.2.4a, inset spectra).  
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Figure 3.2.4. XPS spectra of covalently assembled DDE layer: (a) N 1s peak (inset spectra 
corresponds to N 1s peak of APhS layer) and (b) Au 4f7/2 & Au 4f5/2 peaks (inset spectra 
corresponds to Au 4f7/2 & Au 4f5/2 peaks of APhS layer). 
But the corresponding N 1s spectra of PBrEEMT layer showed no significant differences 
due to restricted amine interaction (XPS spectra not shown). Similar observations were 
found for AuNP incorporated 2nd layer PBrEEMT. Whereas, the AuNPs incorporated DDE 
layer showed an N 1s peak at 399.5 eV in addition to the amine peak at 398.6 eV and 
protonated peak at 401.2 eV (Figure 3.2.4a). The presence of amine peak at 398.6 eV was 
due to the presence of unreacted amine groups and secondary amines. The Au 4f7/2 and Au 
4f5/2 peaks at 84.1 eV and 87.7 eV confirmed the AuNP presence in the covalently 
assembled films (Figure 3.2.4b).  As discussed earlier, the APhS layer showed an enhanced 
AuNP incorporation compared to all covalent layers (Figure 3.2.4b, inset spectra). 
3.2.3.2 ATP functionalized AuNPs incorporation in covalently assembled films  
ATP molecules possess the advantage of anchoring themselves on surfaces and offer 
further functionalization due to their bi-functionality because of the thiol group at one end 
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and the amine group at the other end of the molecule. Thiol terminated ATP forms a self-
assembled monolayer on citrate reduced AuNPs by forming strong Au-S coordination bond 
(Shi et al., 2004). Figure 3.2.5a shows the UV-Vis absorption spectra of ATP 
functionalized AuNPs.   
 
Figure 3.2.5. (a) UV-Vis absorption spectra of (i) citrate reduced and (ii) ATP 
functionalized AuNPs (inset ATP functionalized AuNPs) and (b) TEM images of ATP 
functionalized AuNPs. 
The citrate reduced AuNPs exhibited a surface plasmon band at 520 nm, whereas ATP 
functionalized AuNPs showed a red shifted surface plasmon absorption band at 550 nm 
confirming the successful functionalization (Sharma et al., 2004). In addition, a small peak 
at 302.2 nm corresponding to ATP was also observed (inset Figure 3.2.5a).  Figure 3.2.5b 
shows the TEM images of ATP functionalized AuNPs with a diameter of 15 ± 3 nm. 
The free amine terminated ATP functionalized AuNPs has the advantage of direct 
involvement in the nucleophillic displacement reaction with bromine end group of 
PBrEEMT and forming an intermediate layer for further functionalization. Figure 3.2.6 
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shows the FESEM and AFM images of 1st layer PBrEEMT incorporated with ATP 
functionalized AuNPs. AuNPs were evenly distributed along the PBrEEMT films by 
forming covalent bonds.  
 
Figure 3.2.6. (a) FESEM and (b) AFM images of ATP functionalized AuNPs incorporated 
in 1st layer PBrEEMT films. 
Figure 3.2.7 shows the XPS spectra of ATP functionalized AuNPs incorporated in 1st layer 
PBrEEMT. The presence of N 1s peak at 398.6 eV confirmed the free amine end groups 
from ATP along with a small protonation peak. The sulphur binding energies 
corresponding to S 2s, S 2p3/2 and S 2p1/2 peaks were also observed at 228.6 eV, 163.05 eV 
and 164.35 eV (Figure 3.2.7b & 3.2.7c), confirming the presence of thiolate bonds with 
AuNPs (Castner et al., 1996; Ishida et al., 1999).  The Au 4f7/2 and Au 4f5/2 peaks at 84.25 
eV and 87.92 eV confirmed the presence of AuNPs and covalent bonding with PBrEEMT 
(Figure 3.2.7d). The presence of small bromine peaks 3d3/2 and 3d5/2 at 69.7 eV and 68.7 
eV, confirmed the presence of some unreacted bromine end groups.   
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Figure 3.2.7. XPS spectra of (a) N 1s, (b) S 2p, (c) S 2s, (d) Au 4f and (e) Br 3d peaks of 
the 1st layer PBrEEMT functionalized with ATP AuNPs.  
3.2.3.3 AuNPs incorporation on PAA modified PBrEEMT films 
Polyelectrolytes such as PAA has been widely was used to provide the nucleophilic 
primary amine groups to form electrostatic and covalent bonding for layer-by layer 
assemblies (Heflin et al., 2006). The free amine groups present in the PAA reacted with 
bromine in PBrEEMT via nucleophillic displacement reaction and established a covalent 
bonding. The unreacted amine groups can act as linker for the next layer fabrication and 
also involve in AuNP incorporation. Figure 3.2.8a shows the FESEM images of densely 
packed AuNPs on PAA modified PBrEEMT films. The denser AuNPs layer on PAA 
surface confirmed the successful functionalization of PBrEEMT films. When linear 
molecules like APhS and diaminodiphenyl ether were employed, the AuNPs aggregation 
was limited due to the surface binding and linearity of the molecule. In the case of PAA, 
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the freely available unbounded amines were more and the higher chances of polymer 
coiling caused the more AuNPs incorporation more at a place and caused the aggregation. 
AFM images of the AuNPs on PAA modified PBrEEMT films (Figure 3.2.8b) also 
confirmed the denser packing of AuNPs. The increased amount of AuNPs might have been 
due to the free amine availability which led to the formation of more weak covalent bonds 
with AuNPs (Sainsbury et al., 2007).  
 
Figure 3.2.8. (a) FESEM and (b) AFM images of AuNPs incorporated in PAA modified 1st 
layer PBrEEMT films. 
Figure 3.2.9 shows the XPS spectra of AuNPs incorporated in PAA functionalized 
PBrEEMT layer. The presence of N 1s peak at 399.6 eV confirmed the weak covalent 
binding of PAA with AuNPs. The protonation N 1s peak observed at 401.7 eV was due to 
the residual citrate in the solution interacting with the free amines. The Au 4f7/2 and Au 
4f5/2 peaks at 84 eV and 87.7 eV further confirmed the presence of densely packed AuNPs 
on PAA surface (Figure 3.2.7d). The absence of bromine peaks confirmed the complete 
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functionalization of the PBrEEMT layer. The AuNPs incorporation was dependant on 
availability of amine and sulphur groups with lesser steric hindarances.  
 
Figure 3.2.9. XPS spectra of covalently assembled PAA on PBrEEMT layer: (a) N 1s peak  
and (b) Au 4f7/2 & Au 4f5/2 peaks. 
3.2.4 Conclusions 
In summary, hybrid films of covalently assembled layer-by-layer PBrEEMT films with 
AuNPs incorporated were successfully fabricated by three different approaches. AuNPs 
were incorporated by thiophene sulphur interaction and weaker covalent bonds with 
amines. In all the structures, AuNPs were able to be uniformly incorporated on the films. 
However, the PAA functionalized PBrEEMT films exhibited a denser and higher AuNPs 
incorporation due to higher amine-gold interaction.  Depending upon the requirement and 
applications, these approaches can be extended to create more alternate hybrid 
architectures.  
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4.1 Introduction  
Langmuir-Blodgett (LB) is an advantageous approach as covalent molecular assembly to 
fabricate the monolayer and multilayer films of molecular thickness by Van der waals force 
of attraction and still maintaining the molecular orientation and organization. This chapter 
demonstrates a simple method of synthesizing nanoscale hybrid systems of ultrathin regio-
regular poly (3-(2-methoxyethoxy) ethoxymethylthiophene-2, 5-diyl (PMEEMT) 
Langmuir-Blodgett (LB) films with gold nanoparticles (AuNPs). The surface instabilities 
aroused due to low surface energy of the substrate surface affects the uniform formation of 
films. The amphiphilic nature of the PMEEMT was increased by introducing poly (3-
dodecylthiophene) (PDDT) as a second component of the Langmuir film. A detailed study 
confirmed that the addition of PDDT increased the amphiphilicity of these films and also 
influenced the morphology. 4-layer stacks of 90% and 99% PMEEMT films exhibited 
uniform film structure with significant reduction in phase separation. A mechanism has 
been proposed for the interaction of the polymers and formation of structures observed 
during the morphological study of the films. For the first time, an ex-situ approach has been 
adopted to incorporate AuNPs in LB films without affecting the film morphologies and 
uniformities. The affinity of sulphur for the gold had been exploited to incorporate AuNPs 
into the polythiophene films. Amount of nanoparticles incorporated and the distribution of 
the nanoparticles in the polythiophene films were also studied.  These hybrid polythiophene 
films exhibited an enhancement in conductivity and can be used in sensors, photovoltaics 
and memory devices.  
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4.2 Experiment details 
4.2.1 Materials 
Regio-regular poly (3-(2-methoxyethoxy) ethoxymethylthiophene-2, 5-diyl (PMEEMT), 
regio-regular poly (3-dodecylthiophene-2, 5-diyl) (PDDT) and octadecyltrichlorosilane 
(OTS) (Sigma-Aldrich) were used as received. Chloroform and toluene (HPLC grade) were 
purchased from Merck and Tedia respectively, and were used as received. Silicon wafers 
from Engage Electronics Pte Ltd., Singapore was of 0.6 mm thick, p-doped, polished on 
one side and with a natural oxide layer. 
4.2.2 Substrate preparation 
The silicon wafers were prepared as mentioned in the chapter 3.1.2.2. The glass slides were 
treated with a 7/3 (v/v) mixture of concentrated sulphuric acid and 30% hydrogen peroxide 
at 70 oC for 45 min. The substrates were then rinsed with deionized water and methanol, 
and then finally blown dry with nitrogen. Subsequently, the substrates were rendered 
hydrophobic by immersing them in a 3 mM solution of OTS in toluene at room temperature 
for 2 h. The substrates were then rinsed in copious amount of toluene, sonicated for 10 min 
and rinsed again successively in toluene, and methanol, and blown dry with nitrogen.  
4.2.3 Langmuir-Blodgett film deposition 
The investigation of surface pressure–area isotherms and deposition of the Langmuir-
Blodgett films was carried out at room temperature on an alternate layer Langmuir–
Blodgett trough (NIMA Technology, model 622) equipped with two symmetrically 
arranged barriers (Figure 2.2). A Wilhelmy-type film balance was used to measure the 
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surface pressure. Deionized water of 18.2 MΩ.cm resistivity was used as the sub-phase. 
200 µL of the 0.43 mg/ml of PMEEMT in chloroform solution was spread slowly on the 
water surface by a micro syringe. After the solvent fully evaporated, the surface area was 
gradually decreased by computer controlled compression barriers. The isotherms were 
measured by compressing the films with a barrier speed of 50 cm2/min. The molecular area 
was calculated based on the molecular mass of the monomeric repeating unit of 
polythiophene chains. The substrate was mounted in the computer controlled dipper 
mechanism. The monolayer deposition was carried out at a surface pressure of 25 mN/m 
and then polythiophene was transferred by vertical deposition at a speed of 5 mm/min. A 
holding time of 480 s was imposed between each dipping cycle to dry the films. Later, 
mixed PMEEMT and PDDT solutions of different ratios were prepared by mixing them 
thoroughly before spreading. The deposition of mixed PMEEMT and PDDT films on solid 
substrates were carried out in a similar procedure as mentioned for PMEEMT films. 
Finally, the films were blown dry and stored in a desiccator. 
4.2.4 Synthesis and deposition of gold nanoparticles  
Gold nanoparticles (AuNPs) were prepared by as mentioned in the section 3.2.2.5. The 
AuNPs were deposited by ex-situ method i.e. the nanoparticles were incorporated into the 
PMEEMT LB films by immersing them into the AuNPs solution for 30 min while the latter 
was stirred at 600 rpm.  The films were washed with DI water to retain only the bound 
AuNPs and blown dry with nitrogen.  
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UV, AFM, ellipsometry, TEM and FESEM analysis were performed as mentioned in the 
chapter 3.1.2.6. Contact angle of surface modified LB films were obtained from a KSV 
CAM 200 contact angle and surface tension analyzer using a 5 µl water droplet. Contact 
angle of a cleaned silicon wafer was used as the reference. Current-voltage (I-V) 
characteristics were measured by an HP4156 semiconductor parameter analyzer.  
4.3 Results and Discussion 
4.3.1 Surface Pressure – Area (π-A) Isotherm study of the pure PMEEMT and PDDT  
Figure 4.3.1 shows the typical π-A isotherms of pure PMEEMT and PDDT on the aqueous 
subphase. The PMEEMT isotherm showed the formation of a stable monolayer. The 
gradual change in the slope of π-A isotherm confirmed the re-arrangement of PMEEMT 
molecules into a close packed structure upon barrier compression. But around 35 mN/m 
surface pressure, a plateau was observed due to the overlapping and multilayer formation of 
PMEEMT molecules. The area occupied by the PMEEMT monomer molecule at zero 
pressure was calculated as 22 Å2. PDDT also exhibited a stable isotherm but because of the 
lack of hydrophilic groups, it forms stacks of multilayer with increase in surface pressure. 
The area occupied by the PDDT repeat unit at zero pressure was 8 Å2 and agreed with 
literature values (Niu et al., 2008). At a surface pressure of 25 mN/m, the PMEEMT 
monomer molecular area was 13 Å2 which is approximately the area occupied by a single 
thiophene unit (14.5 Å2) estimated for a closely packed monolayer with the thiophene rings 
standing vertically with the polymer chains parallel to the air/water interface (Park et al., 
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2008; Xu et al., 2000).  The LB film depositions were carried out at 25 mN/m surface 
pressure on both silicon and glass surfaces after appropriate surface modifications. 
 
Figure 4.3.1. π-A isotherms of pure PMEEMT and PDDT molecules on aqueous subphase.   
4.3.2 LB deposition of pure LB PMEEMT films on solid substrates 
Figure 4.3.2 shows the UV-Visible spectra for the pure PMEEMT in chloroform and 
multilayer of PMEEMT LB films. Due to the π-π* conjugation along the PMEEMT 
backbone chain, PMEEMT exhibited UV-Vis absorption (λmax) wavelength at 430 nm in 
chloroform (Figure 4.3.2a). The absorption wavelength of LB PMEEMT film on glass was 
red shifted (λmax = 483 nm) and a broadened spectrum was observed. The red shift was due 
to the ordered conformation of PMEEMT in the solid state as opposed to the random 
conformation in chloroform (McCullough, 1998; Niu et al., 2008). The absorbance 
increased linearly with increase in the number of layers (Figure 4.3.2b) (Mattu et al., 2006). 
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Figure 4.3.3 shows the linear increase in thickness with increase in the number of 
PMEEMT layers. The average thickness per monolayer was found to be 2.5 nm. The nearly 
linear relationships of absorption intensity and film thickness with number of transferred 
layers demonstrated that the LB films were deposited nearly uniformly onto the substrate. 
 
Figure 4.3.2.  (a) UV-Vis spectra of 2, 4, 6 and 8 layers of pure PMEEMT LB films and 
PMEEMT in chloroform, and (b) UV-Vis absorbance plotted against the number of 
PMEEMT layers deposited on glass substrate.  
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Figure 4.3.3. Thickness measurements of 2, 4, 6 and 8 layers of LB PMEEMT films 
deposited on silicon surface. 
4.3.3 Morphology study of pure PMEEMT films 
Figure 4.3.4 shows the phase and topography images of 1 µm × 1 µm of 2 and 4 layers of 
PMEEMT films deposited on an OTS surface. The PMEEMT molecules were densely 
packed on the water surface, but after deposition they rearranged themselves due to phase 
separation on the OTS surface. The phase separation occurs due to the evaporation of the 
aqueous subphase and nature of the depositing surface (lesser surface energy). The brighter 
regions on topography images depicted the PMEEMT ridges coiled up throughout the 
surface forming a pattern like structure thus allowing the PMEEMET molecules to 
rearrange themselves on the substrate. The phase images showed high contrast between the 
ridges and valleys confirming the density difference in the nature of the films. 
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Figure 4.3.4. AFM image analysis of pure PMEEMT films on Si surface. (a) Phase and (b) 
topography images of 2 layers PMEEMT, (c) phase and (d) topography images of 4 layers 
PMEEMT (height scale bar is 20 nm), and section analysis of (e) 2 layers and (f) 4 layers of 
PMEEMT films. 
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The PMEEMT layers were deposited as islands that eventually coalesced to form inter-
connected ridges with increasing number of layers. The section analysis (Figure 4.3.4e and 
4.3.4f) confirmed the uniform PMEEMT ridge formation on the Si surface. The average 
height of the ridges for 2 layers of PMEEMT was 16.2 nm, but the average film thickness 
measured from ellipsometer was 5.8 nm. Similarly, for 4 layers of PMEEMT the average 
height of the ridges was 21.5 nm, but the average film thickness was measured to be 10.5 
nm. The average PMEEMT ridge width for 2 layers and 4 layers PMEEMT were 63.1 nm 
and 120.4 nm.  The increased average height and width of ridge with increase in number of 
layers was due to more extensive coiling and grouping of PMEEMT films on the OTS 
surface. These observations confirmed the increase in coverage of the films with increase in 
the number of layers. The roughness of the 2 layers and 4 layers PMEEMT film were 
calculated as 7.2 nm and 5.6 nm. 
The detailed analysis of 2 layer LB films showed the formation of small ridges that were 
widely spread over the surface, whereas in 4 layers the ridges coalesced with each other 
forming a defined pattern like structure with accompanying increase in thickness and 
coverage. Interestingly, the average distance between the two ridges was 91.2 nm for 2 
layers and 190 nm for 4 layers. These increased distances were due to the grouping of small 
ridges together with increase in number of layers. Hence, we can infer that the relatively 
flat regions observed between the ridges should consist of densely packed OTS layer. The 
PMEEMT films did not have any visibly coiled features on the water surface prior to the 
deposition and this was verified by calculating the ratio of the actual area occupied by the 
molecules on the subphase to the area occupied by the molecules on the substrate surface 
after deposition (transfer ratio). It was found that the area occupied by the molecules on 
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aqueous subphase and on substrates was same with good deposition ratio. Bardosova et al. 
had also confirmed the LB polythiophene films deposited with good transfer ratios re-
organized themselves completely after deposition (Bardosova et al., 1996). This re-
organisation of the PMEEMT films after deposition might have been influenced by several 
factors. A detailed mechanism has been proposed in the later part of the discussion to 
visualize the factors involved in creating the phase separation and patterned structures. 
From here onwards, the focus was on investigating the 4 layer-stack of PMEEMT films 
because of its defined pattern structure and also because of gradual decrease in the transfer 
ratio when more layers were deposited.  
The change in the nature of the Si surface after OTS and PMEEMT depositions were 
investigated by measuring its contact angle. The contact angle was 108o after OTS 
deposition and reduced to 94o after 4 layers of PMEEMT deposition.  This reduction in the 
contact angle was due to the coiling of PMEEMT films and outward exposure of the 
hydrophilic ether chain.   
4.3.4 π-A isotherm study of the mixed PMEEMT and PDDT  
In order to study the effect of increasing the amphiphilicity of the PMEEMT, different 
ratios of PDDT were added and a detailed π-A isotherm analysis was carried out. The 
expectation was to increase the amphiphilicity which would eventually reduce the phase 
separation due to surface effects. Figure 4.3.5 shows the π-A isotherms of different ratios of 
blended PMEEMT and PDDT. With increase in PDDT concentration, the isotherms 
behaved similar to PDDT in nature due to the tendency of more PDDT molecules to 
overlap each other, thus forming multilayer on barrier compression without any influence 
Chapter 4. Polythiophene-Gold Nanoparticle Hybrid Systems:  Langmuir-Blodgett 




of PMEEMT molecules. On decreasing the PDDT content, the isotherms shifted towards 
that of the dominant PMEEMT.  
 
Figure 4.3.5. π-A isotherms of different ratios of blended PMEEMT and PDDT. 
For 25% PMEEMT, the isotherm shifted right of the PDDT isotherm and the surface 
pressure started increasing at a specific surface area of 15 Å2 which clearly indicated that 
the effect of adding PMEEMT resulted in reduction of the overlapping of molecules and 
increase in the stability of the film.  Similar observation was found for 50% PMEEMT, 
however, the surface pressure started to increase earlier at 27 Å2. For concentration below 
75% of PMEEMT, the isotherms followed the trend of PDDT isotherm where the gradient 
was constant initially and increased linearly upon reaching a certain specific area and 
showed no collapse point. From 75% PMEEMT onwards the isotherms were stable and 
similar to the 100% PMEEMT isotherm except for the difference in the molecular area. The 
collapse point of 75% and 85.7% were same as that of 100% PMEEMT at about 35 mN/m 
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whereas 90% and 99% PMEEMT had lower collapse pressure at 30 mN/m. As observed in 
the Figure 4.3.5, at high concentrations of PMEEMT (85.7%, 90%, 99%), the surface 
pressure started increasing at higher molecular area than that observed for 100% PMEEMT. 
The isotherms of 90% and 99% PMEEMT ratios shifted towards the right of 100% 
PMEEMT and the area per repeating unit was higher than 100% PMEEMT area per 
repeating unit. The increase in surface pressure suggested that the arrangement and 
monolayer formation of PMEEMT was improved by adding PDDT.  
To better understand the behavior of π-A isotherms, the specific molecular area at 25 mN/m 
for all mixed ratios of PMEEMT and PDDT were calculated and plotted versus volume 
fraction of the PMEEMT (Figure 4.3.6).  The specific molecular areas of 100% PDDT and 
100% PMEEMT at 25 mN/m were also included.  The specific area linearly increased with 
increase in PMEEMT concentration up to 75%, which confirmed the effect of PMEEMT in 
rearrangement of PDDT and formation of a stable monolayer. After 75% PMEEMT, the 
specific molecular area deviated from linearity. This deviation may be attributed to the 
PDDT in improving the rearrangement of PMEEMT monolayer. Overall, the 
amphiphilicity of the polythiophene mixtures had been improved in 90% and 99% 
PMEEMT. This was also well supported by the decrease in collapse point in 90% and 99% 
PMEEMT where the uniform monolayer was overlapped at earlier compression.  
At high PDDT ratios, the ellipsometry results showed a large increase in the total thickness 
indicating that a single upstroke and down stroke deposition consisted of more than one 
monolayer. Hence, in order to investigate the effect of the addition without compromising 
on the requirement for a uniform thin film of molecular dimensions, the PDDT ratios were 
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decreased. So, 90% PMEEMT and 99% PMEEMT were considered and further 
investigated for the improvement of the film deposition and reducing phase separation.  
 
Figure 4.3.6. Effect of PMEEMT content in PMEEMT-PDDT Langmuir film on specific 
molecular area of PMEEMT repeat unit.  
4.3.5 Morphology study of blended PMEEMT and PDDT films 
For the mixed PMEEMT and PDDT films, the surface morphology was quite different 
from that of 100% PMEEMT. From the isotherms study and after depositions, it is 
observed that a small amount of PDDT had significant effect in shifting PMEEMT 
isotherm as well as in the film deposition i.e. reducing phase separation.  Figure 4.3.7 
shows the topography and phase images of 1 µm × 1 µm size for 99% and 90% PMEEMT 
films. The coverage of the film was uniform throughout the film in the case of 99% 
PMEEMT (Figure 4.3.7a). The phase image of 99% PMEEMT film was also similar to the 
topography features (Figure 4.3.7b). However, the valleys formed were similar to 100% 
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PMEEMT films, but they were observed in certain areas only and significantly lesser than 
100% PMEEMT.  
In contrast, 90% PMEEMT films were quite different from 99% and 100% PMEEMT films 
(Figure 4.3.7c). The coverage of the 90% PMEEMT films substantially increased but the 
formation of ridge patterns was quite different from the 100% PMEEMT films. In 100% 
PMEEMT films, the PMEEMT ridges were found along the OTS surface but in 90% 
PMEEMT films the ridges were found above the polythiophene layer (Figure 4.3.7d).  The 
increase in PDDT content resulted in improvement in the film deposition as well as in 
overlapping and coiling of the films on each dipping, thereby creating ridges. The section 
analysis of 99% PMEEMT between the valleys and polythiophene ridges confirmed the 
film thickness of 13.8 nm (Figure 4.3.7e), higher than the average film thickness of 11.1 
nm. The flat regions in the valleys were due to the phase separation of pure PMEEMT in 
the absence of PDDT on OTS layer, thus coiling the film into ridges. The roughness of the 
films was 3.5 nm which was much lower than the 100% PMEEMT roughness of 5.6 nm. In 
99% PMEEMT, the small amount of PDDT was able to reinforce the rigid backbone 
structure of PMEEMT and prevent the PMEEMT molecules from coiling together, forming 
stable monolayers on each dipping. The section analysis of 90% PMEEMT films showed 
the film thickness was 8.6 nm (Figure 4.3.7f), which was lower than the average film 
thickness of 11.1 nm. The lower film thickness confirmed that the surface of the substrate 
was covered with the mixed polythiophene films overcoming the phase separation. 
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Figure 4.3.7. AFM image analysis on 4 layers of 99% and 90% PMEEMT films. (a) Phase 
and (b) topography images of 99% PMEEMT, (c) phase and (d) topography images of 90% 
PMEEMT (height scale bar is 20 nm), and section analysis of (e) 99%  and (f) 90% 
PMEEMT films. 
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The surface roughness was 3.8 nm, higher than for 99% PMEEMT and lower than for 
100% PMEEMT films. Table 1 shows the comparison of film thickness and surface 
roughness of the mixed PMEEMT and PDDT films.  The film thickness increased with 
increase in the PDDT content due to the improved amphiphilicity. The decreasing trend in 
the roughness values confirmed the better coverage and uniformity of the films.  
The surface morphologies of the films were further characterized using FESEM. Figure 
4.3.8 shows the FESEM images of 4 layers of 100% PMEEMT films with and without 
platinum coating. The platinum coating reduced the charge accumulation and gave actual 
representation of the PMEEMT films. The samples with platinum coating confirmed that 
the observations of the AFM images were indeed same as that of FESEM images.  
 
Figure 4.3.8. FESEM images of 4 layers of 100% PMEEMT films (a) without platinum 
coating and (b) with platinum coating. 
The polythiophene ridges were clearly observed in the pure PMEEMT films and they were 
similar to that of 100% PMEEMT AFM image. Due to greater uniformity in the mixed 
99% and 90% PMEEMT LB films the ridges were not clearly visible.  Figure 4.3.9 shows 
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the comparison of AFM and FESEM images of all the PMEEMT films at higher 
magnification. Both the images confirmed the observations were similar over larger areas 
also. 
 
Figure 4.3.9. Comparison of AFM and FESEM images of 4 layer LB films: (a) & (b) 100% 
PMEEMT, (c) & (d) 99% PMEEMT and (e) & (f) 90% PMEEMT films on silicon surfaces. 
The contact angle for blended PMEEMT and PDDT films showed that the surfaces were 
hydrophobic in nature. The contact angles were 95o and 97o for both 4 layers of 99% and 
90% PMEEMT films which was higher than 100% PMEEMT films (94o). The increment 
was due to addition of PDDT hydrophobic side chains in the PMEEMT (Kang et al., 1992).  
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Table 4.3.1. Film thickness and section analysis of 4 layers of 100%, 99% and 90% 
PMEEMT films. 
Films 
Avg. film thickness 
(nm) 




100% PMEEMT 10.5 21.5 5.6 
99% PMEEMT 11.1 13.8 3.5 
90% PMEEMT 11.9 8.6 3.9 
 
4.3.6 Mechanism for the formation of corrugated PMEEMT films 
The PMEEMT films were carefully transferred from water subphase to silicon substrate at 
a surface pressure of 25 mN/m where the monolayer film was compact and densely packed. 
Observations from AFM showed a trend in the formation of surface corrugation involving 
with two parameters: (1) width of the PMEEMT ridges and (2) height of the films. These 
characteristic features occur commonly due to phase separation when block copolymers or 
polymer blends were deposited by spin coating and LB approach on solid surfaces. Michels 
et al. also explained the importance of the substrate nature i.e. surface free energy in 
inducing the phase separation (Michels, 2011).  Since, the PMEEMT polymer films were 
amphiphilic, the phase separation causing surface irregularities should have been due to 
solvent evaporation and nature of the substrate surface.  In literature, two major ways of 
Chapter 4. Polythiophene-Gold Nanoparticle Hybrid Systems:  Langmuir-Blodgett 




surface corrugation occurring due to solvent evaporation had been proposed: (a) 
mechanical instabilities and (b) convective instabilities (Bassou et al., 2008; Pauchard et 
al., 2003). The phase separation due to mechanical instabilities occurred when the rapid de-
wetting and evaporation of solvent from substrate surface yielding a dry polymer film with 
a thin layer of solvent underneath.  The possible explanation of thin solvent layer presence 
in PMEEMT films were because of its interaction with hydrophilic alkoxy side chain. The 
solvent in the film continued to evaporate via diffusion; once all the solvent had been 
evaporated the polymer film buckled to form a corrugated surface.  The other possibility for 
surface corrugation was convective instability or Bénard-Marangoni instability which was a 
result of surface tension gradient due to a concentration gradient. The evaporation of 
solvent in the polymer film generated a concentration gradient between the water layer 
underneath and the dry polymer layer at the top. As the solvent gradually diffused through 
the film, and evaporated from the surface, phase separation become energetically favorable 
creating a surface tension gradient on the surface leading polymer film to migrate towards 
higher polymer concentration area. Thus, ordered valley like polymer structures were 
created along the lateral direction with cavities in between the polymer ridges.   
Since the trend in formation of the ordered corrugated film structures were similar as 
discussed above, the hydrodynamic convective instability combined with low surface 
energy of the hydrophobic silicon substrate might have induced the ordered surface 
corrugation phenomena. Figure 4.3.4 shows the convective instability occurred during the 2 
layer PMEEMT LB film formation on hydrophobic silicon substrate and creating ordered 
PMEEMT ridges. After transferring the PMEEMT films from the water subphase at surface  
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Figure 4.3.10. Schematic of PMEEMT film deposition on silicon wafer. (a), (b) and (c) 
corresponds to the step by step changes occurring due to phase separation in 2 layer 
PMEEMT film. (d), (e) and (f) correspond to the 100% PMEEMT, 99% PMEEMT and 
90% PMEEMT deposited films.  
pressure of 25 mN/m, the PMEEMT film uniformly spread all over the surface as depicted 
in Figure 4.3.10a.  The hydrophilic alkoxy PMEEMT side chain interacted with water and 
formed a thin underneath layer with exposing hydrophobic sulphur group at the other end.  
Gradual evaporation of water in the underneath layer through diffusion caused a gradual 
concentration gradient with film de-wetting and cavity formation in the film. This process 
further speeded up due to the repulsion of alkoxy side chain and hydrophobic surface 
accelerating the PMEEMT films rapidly to coil and form highly concentrated PMEEMT 
ridges as depicted in Figure 4.3.10b. Thus after complete evaporation of water caused all 
the PMEEMT films to group together by forming valley like PMEEMT ridges with cavities 
as depicted in Figure 4.3.10c. PMEEMT ridges with repetitive wavelength and uniform 
height were observed for the two layer PMEEMT films. In similar fashion, the repetitive 
wavelength and height of the PMEEMT ridges increased for 4 layers of PMEEMT film in 
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lateral direction due to spreading out and increase in the PMEEMT film concentration 
(Figure 4.3.10d). The same phenomena occurred when the PMEEMT layer depositions 
were increased.  
Since the focus is on creating a uniform film on the silicon surface for better device 
fabrication, the hydrophobic PDDT to PMEEMT chloroform solution in various ratios were 
added to avoid hydrodynamic instability during deposition. So that the hydrophobic alkyl 
side chain of PDDT would reduce the film corrugations due to its Vander Waals force of 
attraction with alkyl OTS chain. The repulsion between the hydrophobic and hydrophilic 
side chain of PDDT and PMEEMT would overcome phase separation on the silicon surface 
by removing the water between the hydrophilic PMEEMT alkoxy side chains.  As 
expected, the PMEEMT corrugation patterns decreased for 99% PMEEMT film with better 
surface coverage and fewer cavities (Figure 4.3.10e). Due to lesser concentration of the 
PDDT, fewer pin holes were observed in the film. With further increase in PDDT 
composition, the polythiophene films were uniformly spread out without any surface 
corrugation (Figure 4.3.10f).  But the overlapping of polythiophene films due to PDDT was 
observed because of non-uniform surface with different pattern of polythiophene ridges. 
4.3.7 Incorporation of AuNPs in polythiophene films 
Polythiophene films possess semiconducting properties and it can be enhanced by doping 
with iodine vapors, FeCl3 or by other dopants. However, the stability of the dopant plays an 
important role in the conducting films. An alternate way to improve the conductivity was 
introducing metallic species such as AuNPs into the polythiophene film. In this work, as-
synthesized AuNPs were incorporated into the LB films by ex-situ approach. The affinity 
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of gold to sulphur drives the AuNP to bind onto the polythiophene films. Figure 4.3.11 
shows the TEM image of as-synthesized AuNPs. The sodium citrate reduction method had 
been adopted to synthesize the AuNPs and the average size measured was 12.5 ± 2.5 nm.  
 
Figure 4.3.11. TEM image of AuNPs synthesized by sodium citrate reduction approach. 
4.3.8 UV-Vis spectroscopy analysis on blended PMEEMT films incorporated with AuNPs 
Figure 4.3.12 shows the UV-Vis comparison of AuNP solution and 100%, 99%, and 90% 
PMEEMT films after incorporated with AuNP’s on glass slides. Inset shows the 4 layers of 
100%, 99% and 90% PMEEMT films before AuNP incorporation. The red shift similar to 
100% PMEEMT (λmax at 483 nm) was observed for mixed polythiophene films which were 
due to the ordered conformation in solid state. The absorbance peak for PDDT was not 
observed because of the dominant effect of PMEEMT. No significant change in absorbance 
was observed in blended films.  However, after incorporation of AuNP, the spectra 
broadened for all the films and an absorbance peak corresponding to AuNP (λmax at 528 
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nm) was observed. The absorbance peak for all the LB films shifted to 450 nm. This might 
have been due to the AuNP interaction with the polythiophenes (Advincula, 2006; Pandey 
et al., 2008). The intensity of the AuNP peak confirmed that there was a variation in 
amount of AuNP present in the films. The higher intensity of AuNP was observed for 90% 
PMEEMT film due to more interaction with thiophene sulfur.  
 
Figure 4.3.12. UV-Vis comparison of AuNPs solution and 100%, 99%, and 90% 
PMEEMT films after incorporated with AuNPs. 4 layers of 100%, 99%, and 90% 
PMEEMT films before AuNP incorporation (Inset). 
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Figure 4.3.13. FESEM images of (a) 100% PMEEMT, (b) 99% and (c) 90% PMEEMT 
films incorporated with AuNP’s on silicon surface.  
Figure 4.3.13 shows the FESEM images of 4 layers of blended PMEEMT films 
incorporated with AuNP’s on silicon surfaces. The darker regions in FESEM images 
correspond to the polythiophene ridges.  The surface morphology of the blended films was 
similar as observed in AFM analysis. FESEM images clearly showed a clear trend in 
nanoparticles incorporation on pure and blended polythiophene films. The morphologies of 
the LB films were unaffected after AuNP incorporation. For 100% PMEEMT, the AuNPs 
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were observed only along the polymer ridges (the darker regions) not on the OTS layer 
(Figure 4.3.13a). The gold nanoparticles seemed to favor itself on higher regions of the film 
as these regions were likely to have more sulphur groups exposed. A similar observation 
was found in 99% PMEEMT film (Figure 4.3.13b). But the amount of AuNP was increased 
due to the uniform film and lesser pin holes.  The 90% PMEEMT film had more AuNP 
incorporation than other films due to more sulphur interaction (Figure 4.3.13c).  
 
Figure 4.3.14. Schematic representation of (a) 100%, (b) 99% PMEEMT and (c) 90% 
PMEEMT films incorporated with gold nanoparticles. 
The increasing trend in UV-Vis spectra also confirmed the similar phenomena of sulphur 
interaction with AuNP. The variation in the amount of gold incorporation was analyzed 
with a schematic representation of PMEEMT films (Figure 4.3.14). The film structure was 
depicted based on the observation from the section analysis of AFM images and the 
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FESEM images. Due to the coiling of polythiophenes films, the sulphur exposures were 
restricted which ultimately lead to the random exposure of sulphur affecting the AuNPs 
distribution along the films. In 100% PMEEMT film, the nanoparticles were preferentially 
found along the polymer ridges possibly due to presence of more sulphur exposure and 
observed mostly with grouped nanoparticles. But in 99% PMEEMT and 90% PMEEMT 
films, the sulphur exposure was more than in 100% PMEEMT films which leads to 
incorporate more nanoparticles into the film.   
4.3.9 Current density-voltage (J-V) analysis 
As discussed, the LB technique had been widely employed to construct conjugated 
polymeric films for FETs, sensors and photovoltaics. Figure 4.3.15 shows the schematic 
representation of the device structure. The device layer consisted of silicon layer deposited 
with OTS and followed by LB PMEEMT films. Aluminum electrode of 0.3 mm dia. had 
been thermally deposited on the PMEEMT films. A potential of -4 V to 4 V had been swept 
across the source electrode and corresponding current was measured in the drain electrode. 
The repetition behavior of these J-V curves was confirmed by measuring at different points.  
 
Figure 4.3.15. Schematic representation of the device structure for measuring the I-V 
characteristics of blended PMEEMT films. 
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Figure 4.3.16. Log current density versus voltage (J-V) curves of 4 layers of (a) 100% 
PMEEMT, (b) 99% PMEEMT and (c) 90% PMEEMT films without and with AuNPs. 
Figure 4.3.16 shows the characteristic J-V curve of 100% PMEEMT, 99% PMEEMT and 
90% PMEEMT films without and with AuNPs. The symmetric current density curve was 
observed similar for all the blended PMEEMT films. Since the amount of PMEEMT films 
present was same and semiconducting nature, the addition of PDDT did have any big 
impact. With increase in the PDDT, a slight decrease in the current density was observed. 
But, the current density had increased by 2.4 times for 100% PMEEMT, 7 times for 99% 
PMEEMT and 16.2 times for 90% PMEEMT upon AuNP incorporation. These results 
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showed that with increase in the AuNPs incorporationas observed from FESEM images, the 
conductivity also increased. The current density curve nature did not change with increase 
in the AuNPs. These hybrid polythiophenes films with enhanced conducting properties can 
be explored for future potential applications in photovoltaics, sensors and FETs.  
4.4 Conclusion 
In summary, polythiophene and hybrid polythiophene films were successfully fabricated by 
using LB technique. The PMEEMT films reoriented themselves upon deposition due to 
phase separation and nature of the surface.  These phase separation due to convective 
hydrodynamic instability was addressed by improving the amphiphilicity of PMEEMT by 
addition of PDDT. A detailed mechanism had been proposed based on the interaction of the 
polythiophenes and thereby minimizing the surface effect.  The interaction and 
incorporation of AuNPs were also studied and observed the film morphology played an 
important role in amount of AuNP incorporation. The current density study showed 90% 
PMEEMT film exhibited a higher conductivity due to more AuNPs in the film.  Gold 
nanoparticles incorporated films can be used in chemical sensors, photovolatics and 
catalysis applications. Currently, these films are explored for the possibilities of reducing 
and incorporating AuNPs by in-situ approach, so that AuNPs have better interaction and 
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This chapter discusses about fabricating hybrid organic/inorganic structures with p-n 
heterojunction interfaces using p-type polythiophene and n-type one-dimensional (1D) ZnO 
nanostructures.  These heterojunction interfaces were formed by encapsulating and surface 
modification of ZnO NRs with polythiophenes and organic molecules. These hybrid 
structures can tune the band gap, increase the surface wettability and facilitate the easy 
electron transport along the 1D nanostructure because of higher surface area and 
interaction. This work demonstrates a simple way to fabricate vertically oriented 1D ZnO 
nanorods (NRs) on silicon, glass and indium-tin oxide substrates by combining two step 
solution approaches. The NRs exhibited a hexagonal wurtzite structure with a lattice 
spacing of 0.248 nm. Field-emission scanning electron microscopy (FESEM) analysis 
confirmed the NRs were vertically oriented and densely packed with diameter of about 250 
nm. The hybrid organic/inorganic structures of ZnO NRs with regio-regular poly (3-(2-
methoxyethoxy) ethoxymethylthiophene-2, 5-diyl (PMEEMT) as model materials were 
formed by encapsulating the ZnO NRs with polythiophenes, thereby creating direct p-n 
heterojunction interface. These synthesized ZnO NRs allow easy electron transport along 
the NR avoiding loss of mobility due to grain boundary scattering; further, the large aspect 
ratio and surface area of NR can increase the effective interface between polythiophene and 
the nanorods and contribute to efficient charge separation.  In addition, decoration of the 
ZnO hybrid structures by gold nanoparticles (AuNPs) induced higher luminescence 
properties. X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared (FTIR) 
analysis confirmed the successful surface functionalization and decoration of NPs on the 
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NRs. These functionalized organic/inorganic hybrid structures can pave way for future 
potential applications in photovoltaics and sensing.  
5.1.2 Experimental details 
5.1.2.1 Materials 
Zinc acetate dehydrate (Merck), hexamethylenetetramine (Merck), aqueous ammonia 
(synthesis grade) (Merck), regio-regular poly (3-(2-methoxyethoxy) 
ethoxymethylthiophene-2, 5-diyl (PMEEMT) (Sigma-Aldrich) and gold (III) chloride 
trihydrate (Sigma-Aldrich) were used as received. Chloroform, methanol and acetone of 
HPLC grade were purchased from Tedia, and were used as received. Silicon wafers from 
Engage Electronics Pte Ltd., Singapore was of 0.6 mm thick, P-doped, polished on one side 
and with a natural oxide layer. Indium-tin oxide coated glass slides with sheet resistance of 
20 Ω cm, were purchased from Anhui Bengbu Huayi Conductive Film Glass co., Ltd 
(China, PR).  
5.1.2.2 Substrate preparation  
The substrates were prepared as mentioned in the section 3.1.2.2.  
5.1.2.3 Synthesis of ZnO seed layer and nanorods (NR) 
 Initially, zinc acetate dihydrate was dissolved in 40% aqueous ammonia to form a zinc 
ammonia complex solution to act as a zinc cation precursor. Distilled water at 80oC was 
used as an anionic precursor. The successive ionic layer adsorption and reaction (SILAR) 
growth process has been adopted for the seed layer growth. This approach involves several 
deposition cycles of alternate immersion of the substrate in cationic and anionic solutions 
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followed by a final rinse in distilled water at room temperature (Kumar et al., 2008). The 
detailed reaction mechanism for the formation of ZnO seed layer is shown below.  
          [Zn(NH3)4]
2+ + H2O         Zn
2+ + NH4
+ + OH-  ---------  (1) 
Zn2+ + 2OH-          Zn(OH)2                    ---------- (2) 
          Zn(OH)2            ZnO (solid) + H2O             ---------- (3) 
Firstly, the substrate was immersed in the cationic precursor solution, resulting in the 
adsorption of the zinc ammonia complex ([Zn(NH3)4]
2+) as a thin layer on surface. 
Subsequent immersion in distilled water at 80 oC resulted in the conversion of adsorbed 
zinc ammonia complex into zinc hydroxide (Zn(OH)2) (eqn. (1&2)). Later, Zn(OH)2 layer 
was rinsed in distilled water to remove loosely bounded molecules. A time period of 20 s 
and 80 s were maintained for each immersion step and followed by a waiting time of 15 s. 
A uniform ZnO seed layer was obtained after 20 deposition cycles. The ZnO seed layer 
obtained by solution–immersion approach exhibited higher stability and reproducibility of 
films compared with spin coating.  
ZnO NRs were grown from seed layers by chemical bath deposition (CBD) method. 
Equivalent amounts of 2 mM zinc acetate dihydrate and 2 mM hexamethylene tetraamine 
in aqueous solution were prepared and adjusted to pH 7. The as-prepared ZnO seed layer 
substrates were immersed vertically in the reaction solution at 85 oC for 8 h. The substrates 
were carefully rinsed in water and acetone several times before storing.  
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5.1.2.4 Self-assembly of PMEEMT and incorporation of AuNPs on ZnO NRs 
ZnO NRs were immersed in a 2 mM solution of PMEEMT in chloroform for 12 h. Then 
the ZnO NRs were rinsed several times in chloroform and sonicated in chloroform for 3 
min to remove unbound PMEEMT.  
Gold nanoparticles (AuNPs) were synthesized as mentioned in the chapter 3.2.2.5. The 
synthesized AuNPs were deposited by ex-situ method i.e. immersing the covalently bonded 
PMEEMT on ZnO NRs into the AuNP solution for 4 h. After AuNPs incorporation, the 
unbounded nanoparticles were removed by washing with deionized water. The films were 
blown dried with nitrogen and stored. 
5.1.2.5 Device fabrication and photocurrent measurements 
In a typical device structure, the PMEEMT and ZnO NR were used as p- and n- type 
materials, respectively. These p-n junction of PMEEMT/ZnO hybrid structures were 
fabricated as described in the section 5.1.2.4. 50 nm thick Au electrodes were deposited on 
the top of ZnO/PMEEMT structure through a shadow mask. The photocurrent 
measurements were performed and compared in dark and under AM1.5 irradiation (100 
mW /cm2), using a XES-151 S solar simulator (San-Ei, Japan).  
5.1.2.6 Characterization  
The crystallographic information of the as-prepared ZnO samples was investigated by X-
ray diffraction (Shimadzu XRD-6000 with Cu Kα1 radiation (k = 1.5406 Å) from 20 to 80° 
at a scanning speed of 3°/min). The surface morphology of the ZnO samples, energy-
dispersive X-ray spectroscopic analysis (EDX) and the distribution of nanoparticles on the 
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PMEEMT/ZnO NRs were studied by field emission scanning electron microscopy 
(JSM6700F, JEOL USA Inc.) and. The ZnO samples and AuNPs were imaged by 
transmission electron microscopy (JEM-2010, JEOL USA Inc.). The electron beam 
accelerating voltage of the microscope was set at 200 kV. The ZnO samples were scraped 
from the substrate and re-dispersed in ethanol, and a drop was deposited on copper grids 
coated with carbon film. Similarly, a drop of the AuNPs solution was deposited on to a 
copper grid and imaged. Photoluminescence (PL) spectroscopy was performed to study the 
optical properties of the ZnO nanostructures using luminescence spectrometer (Photon 
Technologies Ltd) with xenon lamp (150W) as the excitation source. XPS analysis was 
performed as mentioned in the chapter 3.1.2.6. Transmission mode Fourier-transform 
infrared (FTIR) spectra were obtained from Bio-Rad (FTIR model-400) spectrophotometer 
with a deuterated triglycine sulphate (DTGS) detector by accumulating 256 scans at a 
resolution of 6 cm-1. The functionalized ZnO NRs were scraped from the substrate 
pelletized with potassium bromide (KBr).  
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5.1.3 Results and discussion 
5.1.3.1 Structural and morphology analysis of ZnO seed layer and ZnO NRs 
 
Figure 5.1.1. (a) XRD patterns of ZnO seed layer and NRs uniformly fabricated on Si 
substrate.  
In general, ZnO crystal has positive polar Zn-rich and negative polar O-rich crystal faces. 
The nucleation and growth of ZnO nanostructures were greatly influenced by the degree of 
supersaturation of Zn(OH)2 in the interfacial zone and the adsorption of intermediate 
species on the surface. Figure 5.1.1 shows the XRD pattern of ZnO seed layer and NRs 
deposited on silicon substrates. ZnO nanostructures synthesized showed the preferential 
growth along the [002] orientation at 34.64o along the c-axis direction which effectively 
lowered the nucleation energy barrier and heterogeneous nucleation. All these films 
possessed wurtzite structure, and the diffraction peaks can be indexed to a hexagonal 
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structure with cell constants of a = 3.242 Å and b = 5.193 Å (JCPDS card No. 36-1451). In 
addition to (002) peak, (100), (101), (102), (110), (103), (112), and (201) peaks 
corresponding to the hexagonal ZnO phase were observed in both seed layer and NRs.  The 
relative intensity of the ZnO NRs at the (002) peak was significantly higher, confirming the 
growth of ZnO NRs preferentially in one dimensional c-axis. The average crystallite sizes 
of seed layer and NRs were calculated as 45 nm and 56 nm, respectively, using Debye–
Scherrer’s equation, 
 
where D is the crystallite size, λ is the wavelength (1.546 Å for Cu Kα), β is the full-width 
half-maximum (FWHM) of main intensity peak after subtraction of the instrumental 
broadening and θ is the diffraction angle. 
Figure 5.1.2 shows the FESEM images of ZnO seed layer and NRs deposited on silicon 
substrates.  The seed layers were uniformly formed along the substrate surface with a 
thickness of 200 nm for optimized 20 SILAR cycles. These ZnO seed layer consisted of 
ZnO nuclei forming spindle-like crystal structures (Figure 5.1.2a). The spindle-like 
structures had a diameter ranging from 150 nm to 200 nm. These structures later acted as 
nucleation sites for the subsequent growth of ZnO rods.  
As-grown ZnO nanorods exhibited uniformly hexagonal shaped NRs with dense packing 
along the vertical direction (Figure 5.1.2b). The cross-sectional view of ZnO NRs showed 
the NRs were of hexagonal shape with average diameter and length of 250 nm and 1.7 µm 
(Figure 5.1.2c). By using this approach, we were able to synthesize ZnO nanorod arrays 
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with uniform hexagonal shape in vertical orientation and in a larger area. TEM analysis 
also confirmed the similar dimension of NRs diameter and length (Figure 5.1.2d). The high 
resolution TEM image (inset Figure 5.1.2d) shows the lattice spacing of ZnO NR as 0.248 
nm corresponding to the c-axis orientation. 
The energy-dispersive X-ray spectroscopy (EDX) analysis confirmed the presence of 
elemental Zn and oxygen species (Figure 5.1.2e). The peak at 0.53 keV was from oxygen 
and the peaks at 0.995 and 8.7 keV were due to Zn. Only Zn and O signals in the sample 
were detected. Figure 5.1.2f shows the PL spectra of ZnO NRs in the wavelength ranging 
from 350 to 600 nm. The spectra showed an edge emission at 384 nm (3.23 eV) and a weak 
visible emission (defect emission) at 464 nm (2.67 eV) were observed in ZnO. The inset 
image (Figure 5.1.2f) shows the PL spectra of seed layer showing the similar emission 
peaks. The edge emission originated due to the recombination of electrons from conduction  
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Figure 5.1.2.  FESEM images of as-grown ZnO (a) seed layer and (b) NRs, (c) cross-
sectional view of ZnO NRs, (d) TEM image, (e) EDX analysis and (f) Photoluminescence 
(PL) spectra of as-grown ZnO NR on Si substrate. 
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band and the holes from the valence band. The visible emission mainly originated from 
defect states such as Zn interstitials and oxygen vacancies on the surface (Jiang et al., 2007; 
Rout et al., 2008). 
5.1.3.2 Surface modification and decoration of PMEEMT and AuNPs 
After 12 h immersion of ZnO NRs in PMEEMT solution, the physical color change from 
white to red was observed in NRs confirming the presence of PMEEMT on the surface. 
The change in color might have been due to PMEEMT encapsulation along the ZnO NR 
surface. Due to oxygen vacancies on the ZnO surface, Zn (II) ions were created which had 
been chelated by the oxygen present in PMEEMT side chain ether groups forming 
polydentate bonds (Ligands are ions or molecules having at least one donor atom with a 
pair of lone electrons, which forms covalent bonds with the central metal ion or atom that 
they are attached to. Chelation is a process in which a polydentate ligand bonds to a metal 
ion, forming a ring. In this case, oxygen present along the alkoxy side chain of PMEEMT 
acts as ligand and Zn in NRs acts as metal ion) (Choppali et al., 2007). The chelation of 
PMEEMT on ZnO occurs covalently due to the electron contribution from both forming 
polydendate bonds. A similar approach had been made by Lai et al. to synthesize 
ZnO/polythiophene-based conjugated polymer nanocomposites by chelating the Zn (II) ion 
in the ZnO nanoparticle to the alkylethoxy side chain of the polythiophene. They showed 
the chelation depended on the length of ether chain to encapsulate.  These conjugated 
polymer nanocomposites exhibited a high luminescence (Lai et al., 2009b).  
Figure 5.1.3 shows the cross-sectional FESEM and TEM images of AuNPs decorated on 
ZnO NR surface. After surface modification with PMEEMT, the NRs were immersed in 
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AuNP solution for 4 h. The tendency of the sulphur from thiophenes to encapsulate the 
gold had been exploited to incorporate the AuNPs with PMEEMT on the NR surface (Lai 
et al., 2009a). Inset (Figure 5.1.3b) shows the top view of as-synthesized AuNPs by sodium 
citrate reduction method with diameter of 15 nm.  Both the FESEM and TEM images 
showed the uniform nanoparticle distribution along the NR surface. The stability of AuNP 
on the NR surface was confirmed by the continued presence of the nanoparticles after a 2 
min sonication in water.  
 
Figure 5.1.3. (a) Cross-sectional FESEM and (b) TEM images of AuNPs incorporated on 
PMEEMT coated ZnO NR surface. Inset image shows the top view of functionalized NRs. 
5.1.3.3 XPS and FTIR analysis 
XPS analysis had been performed to analyze the chemical composition of ZnO NRs before 
and after surface modification of PMEEMT with AuNPs. Figure 5.1.4 shows the XPS 
analysis of bare ZnO NRs. All the binding energies have been calibrated by taking the 
carbon peak as reference at 284.6 eV. Typical deconvoluted C 1s peak showed the presence 
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of residual carbonyl impurities at 286 eV and 288.2 eV (Figure 5.1.4a). The binding energy 
of Zn 2p3/2 and Zn 2p5/2 at 1022.5 eV and 1045.3 eV peaks confirmed the association of Zn 
with oxygen in the completely oxidized state whereas a small peak at 1023.5 eV was due to  
 
Figure 5.1.4. XPS spectra (a) C 1s, (b) Zn 2p and (c) O 1s  regions of as-synthesized ZnO 
NRs. 
the presence of zinc hydroxide species (Figure 5.1.4c) (Sepulveda-Guzman et al., 2009; 
Zhong et al., 2009). O 1s XPS peak consisted of three components (Figure 5.1.4c). The 
peak located at 530.2 eV corresponds to O–Zn binding originating from the ZnO lattice, the 
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higher energy peak around 531.7 eV is attributed to OH i.e. ZnO(OH)/oxygen defect states 
on the ZnO NR surface and the peak at 532.6 eV corresponds to carbonyl/hydrated species, 
indicating the presence of oxygen deﬁcient sites and hydrated oxides (De La Rosa et al., 
2007; Hsieh et al., 2007). The highly electropositive Zn2+ with two donated electrons is 
proposed to be in a highly electronegative environment with charged O2− ions in the 
Wurtzite geometry. The peak ratio of Zn to O was found to be 1.2, slightly higher than the 
stoichiometric ratio suggesting the presence of excess oxygen in the films. 
After surface modification of NRs with PMEEMT and AuNPs, the carbon peak showed the 
presence of additional -C-S- and –C-O-C- peaks at 285.1 eV and 286.4 eV, confirming the 
presence of PMEEMT on ZnO NR surface (Figure 5.1.5a). The –C-O-C-/-C-S- peaks ratio 
was found to be 3.5, lower than the stoichiometric ratio of 4 which might have been due to 
the presence of impurities. In addition, carbonyl impurities were also observed at 288.2 eV 
due to the citrate ions in the AuNP solution. Peaks corresponding to Zn 2p3/2 and Zn 2p5/2 
were observed at 1022.5 eV and 1045.3 eV, respectively, confirming the association of Zn 
with oxygen. A small peak at 1023.5 eV corresponding to hydrated state was also observed 
(Figure 5.1.5b). O 1s exhibited four peaks after PMEEMT functionalization (Figure 5.1.5c). 
The lower binding energy at 530.2 eV corresponds to O–Zn binding; the peak at 531.7 eV 
is attributed to the surface oxygen and chelation of PMEEMT on the NR surface. The 
binding energy at 532.75 eV corresponds to –C-O-C- bonds present in the PMEEMT 
molecule and some carbonyl impurities (Zhang et al., 2010). The higher binding energy 
observed at 535.2 eV corresponds to the residual hydrated and carbonyl species in the 
AuNP solution. The presence of sulphur on the NR was confirmed by S 2p3/2 and S 2p1/2 
peaks at 163.6 eV and 164.8 eV, confirming the PMEEMT encapsulation (Figure 5.1.5d) 
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(Beamson. G, 1992; Dillingham et al., 1996b, 1996a). The Au 4f7/2 and Au 4f5/2 peaks at 84 
eV and 88 eV were not fully resolved due to the overlapping of Zn 3d peaks (Donkova et 
al., 2011; Noh et al., 2002b). However, Figure 5.1.5e shows the Au 4d3/2 and Au 4d5/2 peaks 
at 335 ev and 352 eV confirming the presence of AuNPs. 
 
Figure 5.1.5. XPS spectra of (a) C 1s, (b) Zn 2p, (c) O 1s, (d) S 2p and (e) Au 4f regions on 
ZnO NRs modified PMEEMT with AuNP incorporation. 
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Figure 5.1.6. FTIR spectra of (a) bare ZnO NRs and (b) ZnO NRs functionalized with 
PMEEMT and decorated with AuNPs.  
FTIR has been employed to identify the fingerprints of PMEEMT molecules functionalized 
on ZnO NRs. Figure 5.1.6 shows the FTIR spectra of bare and functionalized ZnO NRs. 
The bare ZnO NR spectra showed the presence of strong O-Zn band at 452.7 cm-1 (Xiong et 
al., 2006). In addition, a broad band at 3425.5 cm-1 corresponds to –OH bands from the 
aqueous solution and residual zinc carboxylate bands were observed which might have 
been present underneath the NRs. The residual carbonyl groups presence was also 
confirmed XPS.  FTIR spectra also showed a weak band for carbonyl species at 1580.3 cm-
1. Table 5.1.1 summarises the peak positions of ZnO NRs before and after PMEEMT 
functionalization with AuNPs. The presence of corresponding PMEEMT bands suggested 
the successful functionalization of ZnO NRs (Socrates, 2000; Szkurlat et al., 2003). After 
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AuNP with PMEEMT functionalization, the stretching vibration of –OH band at 3425.5 
cm-1 had been enhanced along with carbonyl bands. The enhancement might have been due 
to the residual impurities from the AuNP solution.  
Table 5.1.1. FT-IR spectral peaks of ZnO NRs functionalized with PMEEMT and 
decorated with AuNPs. 
 
Functional groups Wavenumber, cm
-1 
CH2 out-of-plane deformations + 
C-S-C   deformation 
739.1 
C-S      (symmetric stretching) 811.8 
C-O-C (bending modes) 1029.3 
1110.8  
C=C  (Thiophene ring deformations) 1431.8 
1632.9 
-CH2   (symmetric stretching) 




5.1.3.4 Luminescence and I-V behavior of ZnO hybrid structures  
Figure 5.1.7 shows the PL spectra of ZnO NRs functionalized with PMEEMT and 
incorporated with AuNPs. The PMEEMT modified ZnO NRs exhibited a PL emission peak 
at 389 nm with slight red shift confirming the surface functionalization (Lai et al., 2009b). 
This high intense peak originated from direct band gap emission of ZnO NR. The PL 
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emission showed a quenching in the PMEEMT/ZnO hybrid structure than in bare ZnO NR, 
indicating a high efficiency of charge separation. But, the AuNPs incorporated ZnO NRs 
exhibited an enhanced UV emission at about 389 nm.  The higher Fermi energy level of 
AuNP promoted the electrons transfer from Au to ZnO, increasing the electron density of 
ZnO in the conduction band. Simultaneously, the surface plasmon resonance of Au was 
stimulated by defect emission of ZnO, which induced the electrons in Au to the excited 
state. These excited electrons were subsequently tunnelled into the conduction band of ZnO 
NRs. The increased electron density in the conduction band led to increase in the hole 
electron recombination rate enhancing the UV emission for AuNP incorporated ZnO NRs 
(Chen et al., 2009a; Lin et al., 2006a; Wang et al., 2007b).  
 
Figure 5.1.7. PL spectra of ZnO NRs functionalized with (a) PMEEMT and (b) with 
AuNPs incorporated.  
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Figure 5.1.8. (a) Typical PMEEMT/ZnO hybrid structure and (b) current-voltage (I-V) 
measurement of PMEEMT/ZnO hybrid structure under dark and AM1.5 irradiation. 
Figure 5.1.8 shows the I–V characteristic of p-n structure consisting of PMEEMT/ZnO as 
active materials in dark and under illumination. By this approach, the PMEEMT molecules 
inﬁltrated well into dense ZnO NRs and encapsulated on the surface without affecting its 
morphology. The increase in interfaces between electron donor (PMEEMT) and electron 
acceptor (ZnO) enhanced the excitation separation. Electrons and holes created in the active 
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layers during absorption of light were more efficiently separated by increased contact area 
between PMEEMT/ZnO layers. The photocurrent generated by PMEEMT/ZnO was higher 
by about 4.2 times under illumination than in the dark.  As discussed earlier, luminescence 
quenching in these hybrid structures increased the charge separation (Figure 5.1.3.7). 
Therefore, the increase in the photocurrent can be attributed to the increased light 
absorption and efficient charge separation in between the interface of the hybrid structure. 
Though the efficiency of this hybrid structure cell was lower, different approaches and 
investigation has to be performed for further improving the PMEEMT encapsulation or 
adding other molecules, such as incorporation of dyes to enhance light absorption.  
5.1.4 Conclusions 
In summary, the fabrication of organic/inorganic hybrid nanostructures by encapsulating 
the PMEEMT on ZnO NRs was demonstrated. These structures showed a quenching in the 
luminescence due to increase in charge separation. 1-D ZnO structures channelized the 
charge separation along the NRs, thereby enhancing photocurrent upon illumination. The 
AuNPs decorated hybrid structures showed an increase in electron density in the 
conduction band of the ZnO. Several approaches are being carried out to improve the 
photocurrent response. This work could be helpful to develop solution processed, stable 
organic/inorganic hybrid structures for future applications in solar cells and chemical 
sensors.  
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This chapter demonstrates the functionalization of zinc oxide nanorods (ZnO NRs) using 
bi-functional organic molecules to create hybrid structures with surface functionalities and 
tuning the organic/inorganic interface. Bi-functional carboxylic acid, thiol and silane end 
group molecules with amine termination have been employed to functionalize the NRs by 
forming carboxylate, thiolate and hydroxylation bonds with ZnO. The films were stable 
without affecting the morphology. The AuNPs decoration was higher in silane bonded 
APhS due to the uniform binding. The structural and morphological properties were 
characterized by XRD, water contact angle, FESEM and TEM techniques. The chemical 
binding of these molecules were analysed in detail by XPS and FTIR techniques. The 
AuNPs decorated ZnO NRs exhibited a quenched blue shift UV emission due to the 
increased distance and interaction with the AuNP. These hybrid structures can play a vital 
role in tuning the interface properties and have potential applications in future 
photovolatics, chemical sensors, biomarkers and wavelength based biosensors.   
5.2.2 Experimental details 
5.2.2.1 Materials 
p-aminophenyltrimethoxysilane (APhS), 6-aminocaproic acid (ACP), 4-aminothiophenol 
(ATP) and hydrogen tetrachloroaurate (III) trihydrate were purchased from Gelest, Sigma-
Aldrich and Aldrich. The solvents toluene, methanol and acetone of HPLC were from 
Tedia and dimethylformamide from Fluka. All chemicals were used as received. Silicon 
wafers (Engage Electronics Pte Ltd., Singapore) used were 0.6 mm thick, p-doped, polished 
on one side and with a native oxide layer.  
Chapter 5.2. Bi-Functional Self-Assembled Monolayer Formations and Gold Nanoparticle 




5.2.2.2 Substrate preparation 
Silicon wafers were prepared as mentioned in the chapter 3.1.2.2. 
5.2.2.3 Self assembled monolayer (SAM) formation and decoration of AuNPs 
The ZnO seed layer and NRs were prepared as mentioned in the chapter 5.1.2.3. The 
synthesized NRs were then chemically modified with bifunctional molectures and 
decorated with AuNPs as follows: 
Step 1: Surface modification:   The synthesized ZnO NRs on silicon wafers were immersed 
in a 3mM APhS solution in toluene for 6 h/ 5mM ACP solution in methanol for 12 h/ 5mM 
ATP solution in dichloromethane for 12 h and all the reactions were carried out at room 
temperature. After immersion, the substrates were rinsed copiously with respective solvents 
and followed with 2 min sonication in the solvent to remove loosely bound molecules. 
Later, the substrates were blown in nitrogen and stored carefully. Trimethoxysilane 
terminated APhS easily formed SAMs on ZnO surface by hydroxylation with surface 
hydroxyl groups (Allen et al., 2008). The acid termnated ACP assembled through the 
carboxylate bi/tri dentate coordination bonds with Zn metal atoms (Elena, 2004; Taratula et 
al., 2009), whereas thiolate (Zn-S) bond formation was occurred in ATP (Perkins, 2009; 
Yao et al., 2008). The reactions were carried out such that amine terminated SAMs were 
formed on NRs.   
Step 2: AuNPs decoration: The AuNPs were prepared as mentioned in the chapter 3.2.2.5. 
Later, the functionalized ZnO NRs were immersed in AuNP solution by ex-situ approach 
for 6 h in APhS modified and 12 h in ACP and ATP modified NRs. The citrate reduced 
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AuNPs has the tendency to attach to amine terminated SAMs (Zhang et al., 2008a). Finally, 
the SAMs were rinsed in copious amount of water and blown in nitrogen. 
The schematics for the SAM formation and AuNP decoration on NR are shown in Figure 
5.2.1. 
 
Figure 5.2.1. Step-by-step reaction schematic of SAM formation and AuNP incorporation 
on ZnO NR. 
5.2.2.4 Characterization 
Water contact angle measurement has been carried out as described in the section 4.2.5. 
FESEM, TEM, XRD, PL, XPS and FTIR characterizations have been carried out as 
described in the section 5.1.2.6.  
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5.2.3 Results and discussion 
5.2.3.1 Structural and morphological analysis of SAM coated ZnO NRs 
Figure 5.2.2 shows the XRD pattern of ZnO NRs functionalized with APhS, ACP and ATP. 
The ZnO NRs exhibited [002] orientation at 34.64o along the c-axis direction even after 
surface modification and AuNP incorporation confirming the no damage on the structure. 
As discussed in section 5.1.3.1, the functionalized NRs still possessed wurtzite structure, 
and the diffraction peaks can be indexed to a hexagonal structure (JCPDS card No. 36-
1451). The additional peaks were also observed for (100), (101), (102), (110), (103), (112), 
and (201) orientation corresponding to the hexagonal ZnO phase. No significant peaks for 
AuNPS were observed due to the dominant effect of ZnO NR intensities. 
 
Figure 5.2.2. XRD patterns of functionalized ZnO NRs with AuNP incorporated (a) 
APhS, (b) ACP and (c) ATP.  
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As shown in the section 5.1.3.1, the NRs dimensions were similar and densely packed on 
the silicon substrate. The higher deposition time was provided to ensure the solute 
molecules can diffuse through the dense NR layers. The surface nature of the synthesized 
NRs was examined by water contact angle measurements. The densely packed NRs 
exhibited a contact angle of 140.2o ± 2o (Figure 5.2.3 inset image), but the covalently 
functionalized NRs exhibited 48.3o, 51.02o and 58.6o for APhS, ACP and ATP 
corresponding to the contact angle for amine termination (Figure 5.2.3) (Balachander et al., 
1990). The NR functionalization was uniform and better for the tripod bonding APhS. But, 
the contact angle was slightly higher for ACP and ATP due to single bond binding and less 
uniform compared to APhS.  
 
Figure 5.2.3. Water contact angle comparison of the functionalized NRs (a) APhS, (b) 
ACP and (c) ATP on Si surface. 
The change in morphology after SAM formation and successful AuNPs incorporation were 
confirmed by the FESEM and TEM analysis. Figure 4 shows the FESEM images of the 
functionalized NRs with AuNPs decorated. As discussed, the uniform deposition of APhS 
led to more amine coverage on the NR surface which subsequently led to increase in 
amount of AuNP decoration (Figure 5.2.4a). In case of ACP and ATP SAMs, AuNPs were 
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decorated evenly throughout the surface but in lesser amount (Figures 5.2.4b&4c). The 
TEM images showed the uniform AuNP decoration on the NRs surface and confirming the 
amine interaction with citrate reduced AuNPs of 15 nm dia. (Figure 5.2.5). In addition, the 
texture of the ZnO NRs was slightly altered due to the etching of the acidic citrate solution.  
  
Figure 5.2.4. FESEM images of functionalized ZnO NRs with (a) APhS, (b) ACP and (c) 
ATP. 
 
Figure 5.2.5. TEM images of functionalized ZnO NRs with (a) APhS, (b) ACP and (c) 
ATP. 
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5.2.3.2 Compositional analysis of functionalized ZnO NRs 
 
Figure 5.2.6. XPS spectra of functionalized ZnO NRs with AuNPs decorated. (I) APhS: (a) 
C 1s, (b) Zn 2p, (c) O 1s, (d) N 1s and (e) Au 3d. (II) ACP: (a) C 1s, (b) Zn 2p, (c) O 1s, (d) 
N 1s and (e) Au 3d. and (III): ATP (a) C 1s, (b) Zn 2p, (c) O 1s, (d) N 1s, (e) S 2p and (f) 
Au 3d. 
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Figure 5.2.6 shows the XPS spectra of self-assembled APhS, ACP and ATP films on ZnO 
NRs and decorated with AuNPs. All the binding energies have been calibrated by taking 
the carbon peak as reference at 284.6 eV. Typical deconvoluted C 1s peak showed the 
presence of –C-N peak at 286.2 eV (Figures 5.2.6(I(a), II(a) & III(a))). In addition, -C-S- 
peak for ATP at 285.1 eV and an enhanced –COO- peak for ACP at 288.6 eV were 
observed. The –COO/C-N ratio for ACP was about 1.38 slightly higher than stoichiometry. 
The residual carbonyl impurities were present due to citrate ions in gold solution which 
increased the ratio. The binding energy of Zn 2p3/2 and Zn 2p5/2 at 1022.5 eV and 1045.3 eV 
peaks confirmed the association of Zn with oxygen in the completely oxidized state 
whereas a small peak at 1023.5 eV was due to the presence of zinc hydroxide species 
(Figures 5.2.6(I(b), II(b) & III(b))) (Sepulveda-Guzman et al., 2009; Zhong et al., 2009). O 
1s XPS peak consisted of three main components (Figures 5.2.6(I(c), II(c) & III(c))). The 
lower energy located at 530.2 eV corresponds to O–Zn binding originating from the ZnO 
lattice, whereas the higher energy peak around 531.7 eV attributes to OH i.e. 
ZnO(OH)/oxygen defect states on the ZnO NR surface and 532.6 eV corresponds to 
carbonyl/hydrated species, indicating the presence of oxygen deﬁcient sites and hydrated 
oxides (De La Rosa et al., 2007; Hsieh et al., 2007). Due to etching of the citrate ion at long 
exposure time, the surface defects on the ZnO NRs (i.e. 531.7 eV) were increased similar to 
observation from the FESEM images. The residual carbonyl oxygen presence was observed 
for APhS and ATP, whereas the same was enhanced in ACP bonding confirming the 
carbonyl attachment on the ZnO surface. The free amine end group presence on the 
functionalized ZnO NRs was confirmed by the presence of N 1s peak at 400 eV ± 0.2 eV 
(Figures 5.2.6(I(d), II(d) & III(d))). The protonation of amine was observed at 402.2 eV for 
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ACP functionalized NRs only.  The thiol coordination on ZnO NR surface was confirmed 
by the presence of S 2p peak at 163.2 eV and 164.4 eV (Figure 5.2.6(III(e))) (Bourg et al., 
2000; Perkins, 2009). Finally, the decoration of AuNPs on amine functionalized ZnO NR 
surface was confirmed by the presence of Au 4d3/2 and Au 4d5/2 peaks at 335 ev and 352 
eV. The Au 4f7/2 and Au 4f5/2 peaks at 84 eV and 88 eV was not able to fully resolved due 
to the overlapping of Zn 3d peaks (Figure 5.2.6(I(e), II(e) & III(f))) (Donkova et al., 2011; 
Noh et al., 2002b). The comparison of Au 3d peaks showed the amount of AuNP 
incorporation was higher in the case of APhS functionalized NR due to tripod bonding 
quite similar to FESEM observations.   
 
Figure 5.2.7. FTIR spectra of functionalized ZnO NRs with AuNPs decorated (a) APhS, 
(b) ACP and (c) ATP. 
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Figure 5.2.7 shows the FTIR spectra of functionalized ZnO NRs with AuNPs decorated. In 
all the spectras, the presence of strong O-Zn band was observed in the range of 440~465 
cm-1 (Xiong et al., 2006). In addition, a broad band at 3426.9 cm-1 corresponding to the 
amine end groups and residual weaker hydroxyl and  zinc carboxylate bands were observed 
for APhS and ATP functionlized NRs. But, ACP exhibited a dominant band at 3435.3 cm-1 
due to the combined broadnening of carboxylate bond formation and the amine terminated 
end group (Figure 5.2.7c).  The zinc carboxylate bond formation was further confirmed by 
the presence of bands at 1555.8 cm-1 corresponding to the νas(CO2-) groups, whereas 
1741.5 cm-1 bands were associated with the presence of hydrogen-bonded carboxylic acid 
groups (ν(C=O)). The carboxylate and free hydrogen bonded carboxylic acid groups 
implied  that the binding of ACP on ZnO NRs through the acid end group with bi/tri 
dentate bond formation (Perkins, 2009). The (C-OH) stretching vibration bands were 
observed around 1022.3 cm-1 (Socrates, 2000). Also, the asymmetric and symmetric 
stretching –CH2 bands of ACP were observed at 2918.2 cm
-1 and 2838.5 cm-1. The (C=C) 
stretching vibrations of benzene ring and –NH bending bands in APhS and ATP were 
observed at 1627.9 cm-1 and 1614.2 cm-1 (Figure 5.2.7a & b). The absence of free –SH 
vibrations around 2550~2600 cm-1 and the presence of –C-S- symmetric stretching band at 
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5.2.3.3 Luminescence analysis 
 
Figure 5.2.8. Photoluminescence emission spectral comparison of functionalized NRs: (I) 
APhS, (II) ACP and (III) ATP. (a) Before and (b) after AuNP decorations. 
Figure 5.2.8 shows the comparison of the luminescence emission spectra of functionalized 
ZnO NRs before and after AuNP decoration. The inset image shows the emission spectra of 
bare ZnO NR exhibiting 384 nm (3.23 eV) UV emission peak. The SAMs on ZnO NRs 
exhibited a PL emission peak at 389 nm (3.19 eV) with slight red shift confirming the 
surface functionalization (Lai et al., 2009b). But after AuNPs incorporation, the UV 
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emission peak blue shifted to 380 nm (3.26 eV) accompanied with quenching of the PL 
intensity for APhS and ACP (Figure 5.2.8 Ia &IIa) and very slight reduced intensity for 
ATP (Figure 5.2.8 IIIa). The quenching was more in the case of APhS due to its uniform 
binding and more AuNPs decoration (Pons et al., 2007). The blue shift and quenching of 
the PL intensities were due to the distance between the AuNPs and ZnO NRs because of 
chemical bonding and non-radiative energy transfer from ZnO to Au  (Chen et al., 2009a; 
Kulakovich et al., 2002). Pons et al. observed a similar quenthing in the PL of Au 
nanocrystal and CdTe nanowire hybrid structures. By using Forster expression for energy 
transfer, they observed the blue-shift of the exciton emission is inverse to the distance 
between the Au nanocrystals and CdTe nanowires (Pons et al., 2007). Lee et al. reported 
that the exciton–plasmon interactions were very sensitive to the structural changes with 
decrease in the lifetime of excitons, particular to the distance between the Au nanocrystals 
and CdTe nanowires (Lee et al., 2007b). From the discussions, it is clearly observed that 
the surface functionalization accompanied with more AuNP incorporation will lead to blue 
shift emission in ZnO NRs.  These AuNP/ZnO hybrid nanostructures can exhibit promising 
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In summary, ZnO NRs surface were successfully functionalized with acid, thiol and silane 
functional groups with amine termination on the other end. The advantage of this bi-
functional end groups led to the further modification of the layer where uniform AuNPs 
were decorated on the amine terminated surface.  The uniform bonding of APhS by 
hydroxylation of silane led to uniform and increased AuNP decoration. The quenching 
accompanied with blue shift in the PL emission was observed due to the chemical bonding 
and non-radiative energy transfer between the ZnO and AuNP. The distance between them 
also played a role in blue shift of the UV emission peak.  These types of   AuNP/ZnO 
hybrid nanostructures can exhibit promising application in chemical sensors, biomarkers 


















CHAPTER 6  
 















6.1 Overall Conclusions 
Using covalent molecular assembly, multilayers of robust, bromine-modified PMEEMT 
films were successfully deposited on amine terminated surfaces by formation of secondary 
amine bonds. The deposited multilayer films possessed uniform film density with good 
thermal and chemical stabilities. Electrochemical impedance spectroscopy analysis 
confirmed the layer-by-layer of polythiophene structures and uniform coverage of the films. 
The films showed a change in the resistance upon doping and de-doping of the 
polythiophene structures with FeCl3 as the dopant, confirming the improvement and 
retention of their electrical characteristics. This approach showed the potential of creating 
robust polythiophene films by organizing them at the molecular level and maintaining the 
regio-regularity of the films without any change in their structures.  
Hybrid films of covalently assembled layer-by-layer PBrEEMT films with AuNPs 
incorporated were successfully fabricated by different approaches. The AuNPs were 
incorporated into the assembled films by interacting with amines and thiophene sulphur 
groups. In all the structures, the AuNPs distributions were controlled by the availability of 
functional groups and steric hindrance due to the side chains. However, the PAA 
functionalized PBrEEMT films exhibited denser and higher AuNPs incorporation due to 
more amine-gold interactions.  Depending upon the requirement and applications, these 
approaches can be extended to create functional films and hybrid structures incorporated 
with metal nanoparticles.  
By using the LB technique, polythiophene and hybrid polythiophene films were 
successfully deposited on silicon substrates. The deposition and orientation of the 




PMEEMT films were affected by the phase separation of polythiophene and low surface 
energy of the surface. The phase separation that occurred was due to convective 
hydrodynamic instability on the substrate surface and was addressed by improving the 
amphiphilicity of PMEEMT by addition of PDDT. A detailed mechanism for minimization 
of the surface effect has been proposed based on the interaction of polythiophenes with 
substrates.  The film morphology played an important role in the extent of AuNP 
incorporation and interaction with polythiophene films. As expected, the electrical 
conductivity of the LB films increased upon incorporation of AuNP. Among all the 
structures, 90% PMEEMT film exhibited a higher conductivity due to the presence of more 
AuNPs in the film.  This approach demonstrated the possibility of improving the molecular 
arrangement of the films by additives and also the possibility of creating hybrid structures.  
Organic/inorganic hybrid nanostructures of polythiophene and ZnO were fabricated by 
immobilizing the PMEEMT on ZnO NRs. These structures showed a quenching in the 
luminescence due to increase in the charge separation. Also, the enhancement in the 
interfacial area of hybrid structures lead to the dissociation of photogenerated excitons into 
charge carriers effectively and channelizing the charge separation along the NRs. This 
observation was validated by enhancement in the photocurrent upon illumination. The 
AuNPs decorated hybrid structures showed an increase in electron density in the 
conduction band of the ZnO, causing band-gap widening. This work could be helpful to 
develop solution processed, stable organic/inorganic hybrid structures for future 
applications in solar cells and chemical sensors.  
Self-assembled monolayers of organic molecules with acid, thiol and silane functional 
groups were covalently grafted on ZnO NRs surface and capped with amine termination at 




the other end. These amine terminated surfaces facilitated uniform decoration of the surface 
with AuNPs.  Use of APhS as the modifier facilitated uniform and increased AuNP 
decoration because of the tripod bond formation by hydroxylation of trimethoxy silane on 
ZnO surface.  The quenching accompanied with blue shift in the PL emission was observed 
due to the chemical bonding and non-radiative energy transfer between the ZnO and AuNP. 
Also, the molecular length of the organic molecule between ZnO and AuNP played an 
important role in blue shift of UV emission peak.  Such AuNP/ZnO hybrid nanostructures 
have promising applications in chemical sensors, biomarkers, wavelength-based biosensors 
and solar cells. 
6.2 Concluding Remarks 
The growing needs and demands for functional films in electronic- and bio- systems have 
led to search for new type of architectures which could eventually solve the existing 
problems with cost effective and in molecular levels. Covalent molecular assembly and LB 
technique are some of the important techniques which can able to manipulate the functional 
and structural properties of the organic molecules at the nanoscale level.   
The high conductivity, stability and processability of regio-regular polythiophenes have 
simulated lot of interests in utilization of these materials as active electronic elements in 
various thin film devices and sensors. This thesis demonstrated the robustness of 
synthesizing layer-by-layer covalent assembly of uniform ultrathin polythiophene films on 
various substrates, facilitating composite films of polythiophenes using LB assembly and 
improving their molecular arrangements and finally, fabricating hybrid organic/inorganic 
1D nanostructures with efficient electron transfer between the interfaces by covalent 
molecular assembly. The advantages of these processes will enable to develop low cost 




devices with high sensitivity on solid and flexible substrates; and applicable in wide range 
of applications in thin film devices, memory devices, sensors and solar cells.  
6.3 Recommended future works 
In this thesis, it has been shown that self-assembling of pre-formed polythiophenes/organic 
molecules using covalent molecular assembly and LB assembly enabled fabrication of 
hybrid structures with AuNPs. These structures exhibited efficient electron transfer and 
charge carriers at the organic/metal-oxide interfaces However, there still exists scope for 
improvement in surface modification of silicon/ZnO surfaces by polythiophene/ organic 
films where some of the issues like how effective the film thickness needed, how the 
molecules rearrange after deposition, what is the role of interfacial layer and dopants in 
tuning the electrical properties has to be addressed.  Some of the recommended future 
works are outlined below.  
1. Currently, spin coated/electrodeposited films has been used in conventional 
applications however these films possess higher film thickness and need to address 
the stability and uniformity of the films. These factors can be easily overcome by 
covalently assembled ultrathin polythiophene films which are thermodynamically 
stable and uniformly deposited. They retain the chemical and physical properties of 
the polythiophenes and also possess the advantage of further end-group 
modification and tuning the molecular surface with greater design flexibility; these 
architectures and similar improved architectures can be effectively employed in 
chemical/bio sensors, light emitting devices (LEDs), memory devices, organic solar 
cells and thin film organic field-effect transistors (OFETs). The alkoxy side chain 
groups has the ability to detect chemicals like methanol, ethanol, acetone, benzene, 




toluene, acetonitrile, methylene chloride and can also act as sensors for cations, like 
alkali metals, Li+, Bu4N & etc. They are applicable to solution and solid state 
electrolyte based sensors. The polythiophene films can be also covalently assembled 
on selective areas of patterned substrates which can create effective hybrid 
structures with electron donor/acceptors properties and employed in memory 
devices, LEDs and solar cells,   
2. AuNPs incorporated SAMs of organic and polythiophene molecules exhibits 
enhanced catalytic, electrical, chemical/biological sensing and electrochemical 
properties. This is mainly due to the unique ability of AuNPs to store electrons, 
promoting charge separation and facilitating electron transportation in the device 
structure. Such properties of the synthesized hybrid architectures can be utilized to 
fabricate chemical/bio- sensors, memory devices, catalysts and organic solar cells.  
3. 1-D ZnO nanostructures are the potential building blocks for a wide range of 
nanoscale electronics, optoelectronics, magnetoelectronics, and sensing devices. 
The solution-based approach of synthesizing of 1-D ZnO nanostructures creates 
defects on the surface which can be easily overcome by solution-free surface 
treatment like supercritical carbon dioxide (SCCO2) exposure for few hours. SCCO2 
offers gas-like diffusivity and viscosity which are favorable for rapid diffusion and 
permeation into porous substrates whereas liquid-like density favors the dissolution 
of wide range of organic and inorganic compounds. This approach will remove all 
the organic/inorganic residues present in the organic/inorganic nanostructures 
efficiently and environmentally beneficial instead of thermal treatments. This 
approach also has the ability to process flexible substrates with hybrid structures. 




4. 1-D nanostructure with large aspect ratio increases the interfacial surface area for 
organic molecules to interact and by anchoring they facilitate the easy transfer of 
electrons. Covalently SAMs of organic molecules and conducting polymers can be 
functionalized on ZnO surface using SCCO2, solution-free approach; which will 
avoid not only the etching of the nanostructures and impurities, but also improves 
the deposition and interfacial contact effectively.  
5. The SAM of organic molecules on ZnO in solar cells creates dipole moments which 
suppress the reverse saturation dark current density and charge recombination. The 
functionalization of polythiophenes on ZnO surface creates p-n heterojunction 
which enhances the effective electron-hole transfer across the interface. So, the role, 
interfacial chemistry and properties of self-assembling organic 
molecules/conducting polymers have to be studied carefully depending on the 
requirements and applicability. 
6. Hybrid nanostructures with AuNPs incorporated has many potential applications in 
solar cells, chemical/bio sensors, photocatalytic, and surface plasmonic resonances. 
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